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Motivated by using NaYF4:Yb,Er upconversion nanoparticles as potential bio-
probe for cell imaging and thermal therapy, this thesis studies the surface 
modification of these NaYF4:Yb,Er nanoparticles by undoped NaYF4 shell, 
amorphous silica and Au nanoparticles. 
NaYF4:Yb,Er nanoparticles with a particle size of 11.1 ± 1.3 nm were 
synthesized by a thermal decomposition method. The NaYF4:Yb,Er / NaYF4 
(core/shell) nanoparticles obtained by the same synthesis method showed that an 
undoped NaYF4 shell significantly enhanced the emission intensity by 15 times, and 
the critical shell thickness was ∼3 nm. The diffusion of Yb and Er dopants in 
core/shell structure and the energy transfer distance between Yb and Er were also 
studied. 
Amorphous silica shells, commonly used for functionalization of inorganic 
nanoparticles in bio-applications, were coated on NaYF4:Yb,Er nanoparticles via a 
reverse micro-emulsion method using dual surfactants of polyoxyethylene (5) 
nonylphenylether and 1-hexanol, and tetraethyl orthosilicate as precursor. The 
thickness of silica shell was ~ 8 nm. The emission intensities of silica coated 
NaYF4:Yb,Er nanoparticles remained the same as that of uncoated nanoparticles after 
surface functionalization with an amino group using (3-aminopropyl)-trimethoxysilan 
and PEG using mPEG-silane. Silica, though providing a good barrier to the non-
radiative relaxation between the upconversion nanoparticles and the environments, 
did not enhance the emission intensity of upconversion nanoparticles.  
Gold decorated NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) upconversion 
nanocomposites (∼70-80 nm) were further synthesized using chloroauric acid in a 
viii 
one-step reverse micro-emulsion method. Gold nanoparticles (~ 6 nm) were deposited 
on the surface of silica shell of these core/shell/shell nanocomposites. The total 
upconversion emission intensity (green, red and blue) of the core/shell/shell 
nanocomposites decreased by ~ 52% after Au was deposited on the surface of silica 
shell. Both the experimental results and the simulation study confirmed that the 
decrease in total emission intensity was due to the scattering effect of Au 
nanoparticles. The upconverted green light of the UC nanoparticles was coupled with 
the surface plasmon of Au leading to rapid heat conversion.  
Gold decorated NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) upconversion 
nanocomposites demonstrated strong photothermal effect and cancer cells destruction 
efficiency. Up to 67.5 % of cancer cells incubated with nanocomposites were 
destroyed after 20 min irradiation with 20 W/cm2 980 nm continuous wave laser. The 
nanocomposites demonstrated potential for simultaneous imaging and efficient 
photothermal cancer therapy. 
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Chapter 1 Introduction 
1.1 Background 
Light is a fundamental physical factor in the universe. If a substance can emit 
light after it is exposed to light, electrical energy, stress or some other methods of 
excitation, this phenomenon is called luminescence. These inorganic luminescent 
materials are called phosphors. As one type of luminescence, photoluminescence is a 
process in which phosphors emit light by means of another light excitation. Growing 
interest has been generated to study photoluminescent phosphors, because they are the 
most promising materials for lasers, light source and display device. 
Photoluminescence can be divided into two categories: down-conversion and 
upconversion. Down-conversion is the most common photoluminescence in nature 
which emits low energy radiations from high energy light excitation, such as daylight 
lamp. On the other hand, upconversion, which is the generation of high energy 
radiations after being excited by low energy excitation, rarely happens.1 
Since the early 1980’s, with the development of nanotechnology, research in 
the field of nanomaterials, especially nanoparticles, has attracted great scientific 
interests as nanoparticles are effective tools to study the microscopic world. 
Nanoparticles are commonly known as particles with diameters from 100 nm to 1 nm. 
One nanometer (nm) is one billionth, or 10−9, of a meter. Nanoparticles can be used as 
a tool for studying the microscopic world and also have enjoyed a wide variety of 
applications. For example, upconversion nanoparticles have been used for optical 
amplification for telecommunications,2 bio-imaging,3 three-dimensional (3D) 
display,4 white light-emitting diode (LED)5 and solar cell.6  
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In the following sections of this chapter, upconversion nanoparticles with their 
unique optical properties and their bio-applications will be discussed in more detail. 
1.2 Upconversion materials 
1.2.1 Upconversion process 
Upconversion (UC) refers to a nonlinear optical process characterized by the 
successive absorption of two or more long wavelength photons (for instance, infrared 
or near infrared (NIR) photons) and followed by the emission of one higher energy 
photon (shorter wavelength), usually in the visible range.7 
The upconversion process can be achieved by three different mechanisms, i.e. 
energy transfer upconversion (ETU), excited-state absorption (ESA) and photon 
avalanche (PA). All the three mechanisms utilize sequential absorption of two or 
more photons to populate the excited state of emitting ions through an intermediate 
metastable level and then generate luminescence. In the case of ESA (Figure 1.1a), a 
single emitting ion sequentially absorbs at least two photons to reach the excited state 
and then emit light. In the ETU process (Figure 1.1b), two neighbouring ions absorb 
two photons, and then energy transfer happens from one ion to the other to promote 
its excited state. PA process (Figure 1.1c) rarely happens since it is highly pump 
power dependent and requires pump intensity above a certain threshold value. It is 
important to notice that UC processes are different from multi-photon processes, such 
as simultaneous two-photon absorption (STPA) and second-harmonic generation 
(SHG). For STPA (Figure 1.1d) and SHG (Figure 1.1e), the absorption of photons 
occurs simultaneously and the intermediate level is a virtual state; however, UC 
processes absorb photons sequentially and the intermediate level is a real state. 
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Figure 1.1  Schematic diagrams of (a) excited-state absorption, (b) energy transfer 
upconversion, (c) photon avalanche, (d) simultaneous two-photon absorption and (e) 
second-harmonic generation. The dashed-dotted, dashed and full arrows represent 
energy transfer, photon excitation and emission process respectively. 
 
1.2.2 Selection of Suitable Dopants and Host 
UC materials consist of a host material and doping ions. The host itself does 
not have luminescence. Rather, dopants form localized luminescent centers in the host.  
1.2.2.1 Lanthanide dopants 
For UC materials, Lanthanide (Ln) elements are commonly used as dopants 
due to their unique electronic configurations and energy level structures. The Ln 
elements have an atomic number ranging from 57 (Lanthanum) to 71 (Lutetium). The 
electronic configuration of trivalent lanthanide ions is: Xe 4fn, where n varies from 0 
to 14 for the Ln series. These Ln elements have ladder-like energy levels of 4f states 
which allow for sequentially absorbing multiple photons with suitable energy to reach 
a higher excited state. When several subsequent energy levels within one ion have 
similar distance, sequential excitation to a high excited state (i.e. upconversion) is 
4 
possible by a single monochromatic light source. Figure 1.2 shows part of the 4f 
energy levels of two Ln ions as example adapted from “Dieke diagram”.8  
 
 
Figure 1.2  Partial 4f energy level diagram for two trivalent lanthanide ions adapted 
from “Dieke diagram”. 
 
The Ln elements themselves cannot be used as upconversion phosphor since 
4f-4f transitions within Ln are Laporte-forbidden.7 When an Ln element as a trivalent 
ion form (Ln3+) doped into a crystal lattice, the electric field of the surroundings 
produces a crystal field which causes the loss of symmetry. Then, the Laporte rule is 
no longer applied, and then the 4f-4f transitions of Ln ions can occur. Fortunately the 
host can only change the probability of 4f-4f transitions, while the positions of the 4f 
energy levels of Ln ions vary by only a small amount in different hosts (rarely more 
than one hundred cm-1) because the outer 5s and 5p electrons shield the 4f electrons 
from lattice perturbations.9 This means the overall energy structure in a given Ln ion 
is almost independent from the host environment. Therefore, the wavelength of the 
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UC emission of Ln ions cannot be changed, while only the UC efficiency of Ln ions 
can be affected by the host. 
In principle, UC process can occur in all the Ln ions. However, some ions 
have lower lying energy levels right below the excited state, which results in non-
radiative relaxation rather than photon emission. Furthermore, to allow UC process to 
take place, the energy difference between each excited level and its ground level 
should be sufficiently close to facilitate photon absorption and energy transfers 
between dopants. Due to the above two reasons, only a few of Ln ions exhibit 
effective UC luminescent property, such as Er3+ and Tm3+. 
Doping concentration is a very important parameter for UC process. The 
emission intensity can be improved by increasing the concentration of the Ln dopants 
in the material. But there is a critical concentration, above which, the process of cross-
relaxation severely quenches Ln ions.10 The upper limit of concentration depends on 
the exact distance of Ln ions in the host.11 Normally the concentration of Er3+ does 
not exceed 3%. However, at this concentration, the absorption of Ln is not sufficient. 
To increase the absorption, another Ln ion is often additionally doped as a sensitizer 
to form a co-doping system. This sensitizer should have a larger absorption cross 
section to absorb excitation photons and is well resonant with other Ln ions (activator) 
to ensure efficient energy transfer. Yb3+ is mostly used in the UC process as a 
sensitizer. For instance, the energy gap of the 2F7/2 and 2F5/2 of Yb3+ matches well with 
the transition energy between the 4I11/2 and 4I15/2 states and also the 4F7/2 and 4I11/2 
states of Er3+ (Figure 1.2). Normally, the optimized doping concentration of Yb3+ is 
around 18-20%, before severely quenching Ln ions by cross-relaxation mechanism.11 
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1.2.2.2 Host 
It is well known that the host material can significantly influence the UC 
emission. The host material generally requires its cations and the doping ions to have 
close radii in order to reduce lattice stain in the host. Generally Na+, Ca2+ and Y3+ ions 
are commonly used as the host cations for UC materials. Also low phonon energy of 
the host is desirable. Low phonon energy hosts have low lattice or chemical bond 
vibration energy. These hosts can minimize the non-radiative (phonon) loss of Ln ions 
and consequently maximize the efficiency of radiation. The excited electron of Ln 
ions can transit from excited state to ground state by either non-radiative transition 
(loss) or radiative transition (emission). For a given energy gap, the efficiency of non-
radiative loss is inversely correlated with the phonon energy of the host. If more than 
five phonons are needed to bridge the energy gap from the excited state to the ground 
state, the probability of non-radiative transition is very low and it rarely occurs. If the 
energy gap needs only five or less than five phonons to bridge, the non-radiative 
transition would take place with very high probability.7, 12 Therefore, for a low 
phonon energy host, a greater number of phonons is needed to relax the excited state 
electrons through non-radiative transitions and thus leading to a low probability of 
non-radiative transition. Halide based hosts such as chlorides, bromides, and iodides 
normally exhibit low phonon energies (< 300 cm-1). However, they are undesirably 
hygroscopic. The fluoride hosts and oxide hosts exhibit relatively low phonon 
energies, ~400 and ~600 cm-1, respectively, and better chemical stability, thus they 
are often used as the host materials.7 
Based on the requirements for Ln ions dopants and hosts discussed above, Er3+ 
and Yb3+ co-doped hexagonal-phase NaYF4 (β-NaYF4) has so far shown the highest 
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UC efficiency.11 Therefore, in this thesis NaYF4:Yb,Er will be selected for detailed 
study. 
1.3 Synthesis of UC nanoparticles 
Bulk UC materials have been synthesized for decades. In recent years, with 
the development of nanotechnology, synthesis of nanoparticles, including UC 
nanoparticles, has attracted much attention. A variety of chemical synthesis methods, 
including co-precipitation,13 hydrothermal,14, 15 thermal decomposition 
(thermolysis),11, 16, 17 sol-gel18 and combustion,19 have been demonstrated to 
synthesize UC nanoparticles with the diameter below 100 nm. Among all these 
methods, thermal decomposition has been used to synthesize the monodisperse UC 
nanoparticles with smallest size (<10 nm) and narrow size distribution (±2 nm).11, 20, 21  
Thermal decomposition refers to a chemical decomposition caused by heat. 
This method was first used for synthesis of highly monodisperse LaF3 in 2005.22 LaF3 
triangular nanoplates (2.0 × 16.0 nm) were synthesized by trifluoroacetate precursors 
(CF3COO)3La in octadecene/ oleic acid solvent. The approach was later modified and 
extended to the synthesis of high quality NaYF4 nanoparticles. The synthesis of 
NaYF4 nanoparticles co-doped with Yb/Er or Yb/Tm via the thermal decomposition 
was first reported in 2006.11 The hcp phase NaYF4 nanoparticles with the size of 10.5 
nm and narrow size distribution of ± 0.7 nm were synthesized in this work. Metal 
trifluoroacetates were used as precursors and oleylamine was used as both solvent and 
surfactant to prevent the aggregation of nanoparticles. Later, this method was further 
refined to synthesize NaYF4 nanoparticles with diameter of 8.5 nm (± 0.8 nm).20 To 
date, thermal decomposition with metal trifluoroacetate precursors has been 
recognized as a common route to synthesize high quality monodisperse NaYF4 
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nanoparticles. In this thesis, thermal decomposition method will be adapted for the 
synthesis of NaYF4:Yb,Er nanoparticles based on our group’s previous work.11, 20  
1.4 Surface modification of UC nanoparticles 
Near infrared (NIR)-to-visible Ln doped UC nanoparticles have attracted 
significant interests due to potential applications as sensitive bio-probes. To date, 
most of the works on UC nanoparticles as bio-probe has focused on Yb and Er 
codoped NaYF4 (NaYF4:Yb,Er) due to its highest UC efficiency.  
As a bio-probe, the size of targeted cell (several micrometers) or molecules 
(several to tens of nanometers) requires the bio-probes are nano-sized with a narrow 
size distribution.23 High emission efficiency of UC nanoparticles is also desirable in 
applications. Unfortunately, the emission intensity of UC nanoparticles is 
significantly reduced compared to their bulk counterparts. For example, a sharp 
decrease of emission intensity was reported for NaYF4:Yb,Er UC nanoparticles (< 20 
nm) by a factor of ~10, compared to the same bulk materials.11 Another study showed 
that a quantum yield of 0.005% was measured for 10 nm NaYF4:Yb,Er nanoparticles 
while the quantum yield of 3% was measured for a bulk sample.24 The mechanism of 
size-dependent UC properties may be attributed to the surface ligands quenching, 
surface defects and surface segregation.25 Therefore, surface modification of UC 
nanoparticles is necessary to improve the UC efficiency and also provide a potential 
platform for attaching biological molecules for various bio-applications. 
1.4.1 Surface passivation 
UC nanoparticles have a higher ratio of surface-to-interior atoms compared to 
their bulk counterparts. These surface atoms with the unsaturated dangling bonds have 
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higher energy than interior atoms. These high energy bonds may generate high 
vibration modes and also induce structural change of the host,26, 27 thus changing 
phonon energy of the host materials. These unsaturated dangling bonds can also be 
considered as surface defects of host materials. These surface atoms may interact with 
a high phonon energy environment, for example, surfactants and solvents, promoting 
undesirable non-radiative mechanisms that compete with the radiative transfer 
processes. Such interactions tend to reduce the radiative transition probabilities and 
therefore emission intensities of UC nanoparticles. For example, CdS quantum dots,28, 
29 the highly-active surface atoms resulted in undesirable aggregation and reduced 
emission intensity unless the surface was passivated.30 
Furthermore, the dopant ions residing on the surface of nanoparticles 
experience different bonding environments compared to those in the interior of the 
particle. This will decrease the probability of 4f-4f transition of surface Ln3+ ions. 
Undesirable distribution of the dopant ions can also be resulted due to a higher ratio 
of surface-to-interior atoms, like surface segregation.31 All of these surface effects on 
host and dopants can adversely decrease the emission intensity of UC nanoparticles.  
To passivate the surface atoms of UC nanoparticles and prevent aggregation, 
long chain organic surfactants were applied (e.g. oleylamine and oleic acid) to UC 
nanoparticles.20, 32-34 However, it was difficult to cover both anionic and cationic sites 
on the surface of nanoparticles by long chain molecules.28 These organic surfactants 
also possess undesirably high vibrational energy functional groups (typically ~1500 
cm-1 and ~3000 cm-1)35 and are not chemically stable compared to inorganic materials. 
Since organic shell has these limitations, inorganic materials have been 
considered as candidates for shell structure. An undoped shell coating on doped UC 
nanoparticles (core) would be an alternative approach. A very close match of lattice 
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parameters of the doped core and the undoped shell not only facilitates easy shell-
deposition but also epitaxial growth of the shell material that may result in better 
coverage of the doped nanoparticle core. Previous work showed that ~ 1.3 nm NaYF4 
shell enhanced the emission intensity of 8.5 nm NaYF4:Yb,Er nanoparticles by more 
than 7.4 times.20 It was reported that cation exchange occurred between the core (with 
Ln cation type A) and the shell (with Ln cation type B), which prevented the actual 
formation of the intended core-shell structure in UC nanoparticles.36 Note that if the 
doped core and the undoped shell are made of the same material such as NaYF4, 
issues of cation exchange between the core and shell would not be a concern.  
1.4.2 Silica coating 
For bio-application, the nanoparticles need to be well dispersed in aqueous 
solution and able to be functionalized to attach bio-molecules. However, as-
synthesized UC inorganic nanoparticles by thermal decomposition method were 
capped with a layer of hydrophobic surfactant, such as oleylamine, which can only be 
well dispersed in non-polar solvent. The surface of UC nanoparticles also has no site 
to attach other bio-molecules. Therefore, these as-synthesized NaYF4:Yb,Er or 
NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles require further surface 
functionalization.  
Hydrophilic polymers (such as poly acrylic acid (PAA),20 polyetherimide 
(PEI)37 or polyethylene glycol (PEG)38) have been investigated for modification of 
UC nanoparticles by ligand exchange or ligand oxidation method.32 However, these 
polymers suffer from low adhesion strength and chemical stability. 
Amorphous silica, chemically and thermally inert in environment for bio-
applications, has been a common inorganic candidate of coating the nanoparticles.39, 40 
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The issue of lattice mismatch between UC core and amorphous silica shell can be 
ignored due to its Si-O bond network structure. Amorphous silica may be deposited at 
room temperature in a Si-O bond network, where each Si atom links to 4 O atoms and 
each O atom links to 2 Si atoms. It also has relatively low phonon energy (500 cm-1)41, 
high transparency for visible light, dispersibility in aqueous solution and ability to be 
functionalized with amino42 and carboxyl43 groups.  
To date, there are two main approaches to deposit silica coating on 
nanoparticles. One is the sol-gel derived “StÖber method”,44 which can only be used 
to deposit silica coating on hydrophilic nanoparticles. The surface of hydrophobic 
nanoparticles must therefore be converted to hydrophilic prior to the StÖber reactions. 
The size and size distribution of the silica coated nanoparticles are however not well 
controlled by this method. The other common method to deposit silica coating is 
reverse micro-emulsion.45 Compartmentalized fluids in a micro-emulsion offer the 
advantage of adapting the sol-gel method to prepare dispersed nanoparticles. 
Amorphous silica shells were firstly deposited on CdSe quantum dots (QDs) by this 
method.39  
Many reports exist in the literature on the use of amorphous silica shell on 
QDs and UC nanoparticles. For example, 20 nm NaYbF4:Tm UC nanoparticles with 
20 nm thick amorphous silica coating showed no reduction of emission intensity.46 
Other report of 8 nm silica coating on 21 nm NaYF4:Yb,Er UC nanoparticles however 
showed a ∼20% decrease in emission intensity.47 To achieve bright images using UC 
nanoparticles (generally with reduced emission intensity), confocal microscopy 
involving high-power laser density has been used.47-50 It was reported that 50 nm thick 
amorphous silica coating increased the emission intensity of 20 nm Y2O3:Yb,Tm UC 
nanoparticles by ∼30 times after heat treatment.51 The removal of surfactant during 
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heat treatment promoted severe aggregation of UC nanoparticles and unfortunately 
rendered the particle size too large as nano bio-probes. Other approaches to increase 
emission intensity of NaYF4:Yb,Er UC nanoparticles have been attempted by doping 
silica coating with organic dyes50 or QDs.47 However, no details on comparison of 
emission properties of doped silica coating with undoped silica coatings were made 
available.  
1.4.3 PEGylated silica shell coated UC nanoparticles 
For bio-application, the dispersion and stability of nanoparticles in aqueous 
solution are critical requirements. Silica coated UC nanoparticles may aggregate in 
aqueous solution due to their surface hydroxyl (-Si-OH) group. Two Si-OH groups 
from different silica nanoparticles may react by dehydration reaction to form (-Si-O-
Si-) chemical bond which induces irreversible aggregation. To prevent aggregation 
and further increase the stability of these nanoparticles, long chain polymers, 
including poly(acrylic acid) (PAA),52, 53 poly(ethylene glycol) (PEG)54, 55 and 
polyethyleneimine (PEI),37, 56 have been used to modify UC nanoparticles. All these 
polymers have long carbon chain which can provide strong steric repulsion to avoid 
aggregation between nearby nanoparticles. Among these polymers, PEG and PEG-
copolymers57, 58 are currently most popular and found to be most effective in 
dispersion of nanoparticles.34, 35 PEGylation is a term which specifies the attachment 
of nanoparticles surface with PEG molecules through surface adsorption or covalent 
linkages.58 PEGylation provides nanoparticles with good biocompatible. Furthermore, 
it has been recognized as an effective approach to depress the nonspecific binding of 
nanoparticles to proteins and macrophages, thus increasing the stability of 
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nanoparticles both in vivo and in vitro and reduce the rate of clearance through 
organs.59 
There are two main methods for PEGylation on silica surface, i.e. physical 
adsorption and covalent linkage. Physical adsorption is a method by which PEG can 
be adsorbed to silica surface via Van der Waals force or hydrogen bond. It can be 
achieved by directly heating dispersed nanoparticles in a PEG solution.60 The 
disadvantage of this physical adsorption method is that PEG molecule is unstable and 
easy to desorption from silica surface. Covalent linkage method uses chemical bond 
to link PEG molecule to silica surface, which is more stable compared to physical 
adsorption. In this method, PEG-silane is the most commonly used chemical for 
bonding silica and PEG molecule via silane coupling reaction.61  
In this thesis, after synthesis of NaYF4:Yb,Er UC nanoparticles by thermal 
decomposition method, undoped NaYF4 shell will be employed to passivate the 
surface of UC nanoparticles and also to enhance the emission intensity of the 
nanoparticles. This doped core/undoped shell structure will be studied in details. Then 
amorphous silica shell will be deposited on the UC nanoparticles to transform their 
hydrophobic surface to hydrophilic by a micro-emulsion method. The effects of 
undoped NaYF4 shell and silica shell on the emission intensity of UC nanoparticles 
will be compared. PEGylation and amino functionalization of silica shell will also be 
carried out and the stability of PEGylated and amino functionalized silica coated UC 
nanoparticles in bio media will be studied. 
1.5 UC nanoparticles for bio-applications 
UC nanoparticles are very promising as a luminescent probe for biological 
applications.48, 49, 62 The main advantage of UC nanoparticles is the ability to be 
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excited by NIR photons. Compared with normal ultraviolet (UV) excited bio-probes, 
for example QDs, conventional organic dye and fluorescent proteins, NIR as 
excitation source can maximize tissue penetration (quite weak absorption of any 
biological matter at NIR).63 For example, UV light penetration into the skin is only 1-
2 mm, whereas NIR can penetrate into at least 1 cm. NIR excitation also minimize 
photodamage to the tissues, and reduce autofluorescence, thus improve the signal-to-
noise ratio and improving the image quality.64, 65 
Though some special types of QDs and organic dyes can also be excited by 
NIR to avoid the drawback from UV excitation, they can only emit NIR light with 
lower energy photons compared to excitation. These emitted NIR photons cannot be 
observed by the naked eye and therefore need special detector to record.66 
Researchers have also tried to use NIR excited QDs and organic dyes to generate 
visible emission by STPA and SHG (section 1.2.1), but the efficiency of these process 
were too low and required expensive pulsed lasers with high-power-density excitation 
(106-109 W cm-2).67 UC process by NaYF4:Yb,Er nanoparticles only required an 
inexpensive continuous wave laser with excitation power density of 1-103 W cm-2. 
UC nanoparticles also show a sharp emission bandwidth and large wavelength 
shift between emission and excitation, thus allowing the separation and filtering of the 
emission signal from excitation. In addition, UC nanoparticles exhibit low toxicity, 
high photostability and chemical stability and do not show photo blinking, which is a 
phenomenon observed in QDs.68  
UC nanoparticles have been demonstrated in bio-detection, bio-imaging and 
cancer therapy. Bio-detection can be further classified into two types: UC 
luminescence is directly observed (heterogeneous assay),69, 70 or indirectly observed 
based on the fluorescence resonance energy transfer (FRET).71, 72 In bio-imaging, UC 
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nanoparticles have been used for in vitro imaging54, in vivo imaging73, 74 and more 
recently some other bio-imaging techniques such as positron emission tomography 
(PET)75 and diffuse optical tomography (DOT).76 The UC nanoparticles have recently 
been studied for cancer therapy with their luminescence such as photodynamic 
therapy77, 78 and photothermal therapy.79, 80 Several excellent review papers have been 
published in recent years which summarize UC nanoparticles67, 81-83 for bio-
applications and also compared UC nanoparticles and QDs.84  
1.5.1 In vitro cell imaging 
Cell imaging is an important technology platform to understand the 
fundamental nature of cellular and tissue function. Recently, with the rapid advance in 
high quality UC nanoparticles, the UC probe imaging has been widely used for 
imaging of cells. The first report on in vitro cell imaging using high quality PEI 
coated NaYF4:Yb,Er UC nanoparticles (size of 50 nm) was published in 2008.37 Later, 
further work showed that cancer cells can be the immunolabeling and imaging in vitro 
using silica coated NaYbF4:Er 85 and PEG coated NaYF4:Yb,Er nanoparticles.54 
Although UC nanoparticles have been successfully demonstrated for cell 
imaging in numerous publications, it remains a challenge to synthesize UC 
nanoparticles that have the high emission efficiency. The brightness is one of the 
critical issues for UC nanoparticles to be used for various commercial applications. 
For cell and tissue imaging, UC nanoparticles with size ranging from ten to one 
hundred nanometers are needed. For DNA and other molecular level detection, UC 
nanoparticles with less than 10 nm size are desirable. Unfortunately, UC nanoparticles 
have low brightness mainly due to the surface ligands quenching and surface defects 
and surface segregation. To date, core/shell structure and high power excitation laser 
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are used to enhance the emission. However, even after shell protection, the emission 
of UC nanoparticles is still not bright enough to be easily detected. Most of the 
reported studies have been conducted on imaging of aggregated UC nanoparticles 
which are larger than several hundred nanometers. UC nanoparticles below this size 
are very difficult to be detected. Using expensive high power excitation laser to 
enhance the emission may also destroy bio-molecules. 
Another issue that must be carefully considered is the toxicity of UC 
nanoparticles. A growing debate related to human health and safety risks associated 
with nano materials has arisen in recent years. To date, people know little about the 
toxicity of nanoparticles. Nanoparticles may move easily into sensitive lung tissues 
after inhalation or penetrate the skin because of its small size.86 UC nanoparticles is 
believed to possess low toxicity compared with QDs based on elemental composition 
and a recent study has shown that there is no overt toxicity of PAA coated UC 
nanoparticles in mice at long exposure times (up to 115 days).52 Yet the effects of size, 
shape and surface modification of UC nanoparticles on toxicity deserve further 
detailed study. As an example, silica is often used as a shell coating on UC 
nanoparticles for bio-application since silica is so-called biocompatible.87 However, 
asbestos as a nanosize silicate material is carcinogenic. 
Other issues may need to be addressed before UC nanoparticles can be 
commercially applied. For example, effective surface modification method need to be 
investigated to disperse UC nanoparticles in plasma without aggregation; after surface 
modification, the amount of bio-molecules attached on the surface of UC 
nanoparticles need to be determined and controlled; and the distribution of those 
modified UC nanoparticles in cell or animal also need to be investigated. 
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1.5.2  Photothermal therapy for cancer cell 
Currently, cancer has become a major concern of our society as a leading 
cause of death. Based on World Health Organization estimates, about 12.7 million 
caser cases and 7.6 million cancer-related deaths occurred worldwide in the single 
year of 2008.88 Current cancer treatments, such as chemotherapy and radiation 
therapy, have poor specificity toward cancer tissues and induce significant toxicity 
and undesirable side effects. In order to have an effective and specific cancer therapy, 
early detection and targeted therapeutic methods are the key.  
Recently, photothermal therapy by gold nanoparticles has emerged as a 
promising candidate to address cancer treatment issue. In photothermal therapy of 
cancer cells, the nanoparticles are targeted to the tumours. Photon absorption by the 
nanoparticles generates localized heating which destroys the cancer cells without 
adversely affecting the surrounding tissues. Gold nanoparticles have potential 
promises in photothermal therapy due to surface heat flux induced by the strong 
localized surface plasmon resonance (LSPR) upon absorption of photons.89, 90 Gold 
nanoparticles also show good biocompatibility 91 and easy bioconjugation.92 However, 
gold nanoparticles are mostly used for photothermal therapy by the excitation of UV 
or high energy visible light since the LSPR of Au nanoparticles are located from 500 
nm to 600 nm depending on the size of nanoparticles.93-95 These nanoparticles suffer 
similar shortcomings to UV excited cell imaging probes, due to low UV penetration 
depth in tissues and damage of healthy tissues. To overcome these limitations, Au 
nano-shells with silica core have been demonstrated in NIR excited photothermal 
therapy of tumors because of their red shifted LSPR peak.96, 97 A nanocomposite of 
Au and UC would ideally provide enhanced NIR photothermal capabilities and 
imaging simultaneously.  
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The effects of interaction of fluorophores with noble metals have been 
extensively investigated. Luminescence enhancement is postulated to the increase of 
incident electromagnetic field due to the coupling with the surface plasmon of noble 
metals or the increase of radiative decay rate of fluorophores due to the resonance of 
the emission with the surface plasmon of noble metals. For example, Ag nanowires 
with submicron length and NaYF4:Yb,Er nanoparticles (30 nm) were assembled 
layer-by-layer using a solvent evaporation method 98. As a result, the UC emission 
increased by 3 times. Nanoparticles of Ag (8 nm) and Au (10 nm) did not enhance the 
UC emission intensity using the same method. However, growth of Ag nanoparticles 
to larger size resulted in emission enhancement. Layers of NaYF4:Yb,Er nanoparticles 
(30 nm) and Au nanoparticles (30 and 60 nm) were assembled by spin-coating, 
showing an overall emission enhancement of 3.8 times.99 These examples involved 
layer structures of UC and Au nanoparticles.  
Recently, NaYF4:Yb,Tm nanoparticles (180 nm) were surfaced-decorated with 
1-2 nm Au seeds, increasing the emission intensity by 2.5 times.100 Further growth 
and coalescence of these Au islands led to formation of an Au shell, which quenched 
the emission possibly due to strong scattering of excitation irradiation. Interactions 
between fluorescent emitters and metal particles include quenching, enhancement of 
the strength of incident electromagnetic field and increase in the radiative rate of the 
emitters.99 The effects are sensitive to the distance between the emitters and the 
surface of metal particles. Fluorescence quenching of dye molecules near Au 
nanoparticles was caused not only by an increased non-radiative rate but also by a 
drastic decrease radiative rate of the dye.101, 102  
In this thesis, the Au-UC nanocomposite will be synthesized. To combine Au 
and UC nanoparticles for imaging and photothermal therapy, a nanocomposite of UC 
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and Au nanoparticles was designed.79 To avoid fluorescence quenching by Au 
nanoparticles, an amorphous silica shell was deposited on the UC nanoparticles, 
followed by the deposition of Au nanoparticles on the surface of silica shell. The 
amorphous silica provides a means to solve the lattice mismatch between Au and UC 
nanoparticles. It is also chemically and thermally stable in bio-environment and is a 
common candidate for coating inorganic nanoparticles in bio-applications.50 It has 
been reported that silica particles (430 nm) were surface decorated with 20 nm Au 
nanoparticles.103 Work on Au decorated magnetic/silica (core/shell) nanoparticles 
have also been reported.104, 105 The synthetic procedures produced particles that are 
too large for bio-imaging and photothermal therapy. For example, to synthesize Au 
decorated silica shell on 10 nm Fe3O4/γ-Fe2O3 nanoparticles, silica coating was 
deposited on the magnetic nanoparticles by the StÖber method.105 Then the surface of 
silica coated nanoparticles was functionalized by an amino group, followed by 
deposition of Au seeds (~ 1-2 nm). Further addition of Au precursor led to the growth 
of Au seeds to Au nanoparticles (>5 nm) decorating the silica shell, with the final 
total particle size exceeding 200 nm. In this project, a reverse micro-emulsion method 
will be modified for the synthesis of Au decorated silica shell to simplify the synthesis 
procedure. 
1.6 Objective 
In this thesis, a NIR continuous laser will be utilized to excite UC 
nanoparticles for bio applications to avoid the limitations mentioned above. When 
NIR is employed, UC nanoparticles were used to convert NIR excitation to visible 
light. Afterwards, this converted visible light can be detected for cell imaging or 
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coupled with Au nanoparticles to generate heat for thermal therapy. The objectives of 
this thesis include: 
1. Synthesis of 11 nm NaYF4:Yb,Er UC nanoparticles by pyrolysis and study of 
their emission property and energy band structure. 
2. Use of undoped NaYF4 shell to enhance the emission intensity of UC 
nanoparticles and study of the distance and distribution of dopants in core-
shell structure. 
3. Deposition of a thin silica coating on UC nanoparticles by a reverse micro-
emulsion method to convert hydrophobic UC nanoparticles to hydrophilic, and 
further surface modification of silica shell by PEG and amino group.  
4. Use of Au nanoparticles to further decorate the surface of silica coated UC 
nanoparticles by a reverse micro-emulsion and study of the effect of 
concentration of Au nanoparticles on the emission of UC nanoparticles. 
5. Study of emission properties, dispersion and stability of Au, PEG and amino 
modified silica coated UC nanoparticles in bio media. 
6. Demonstration of cell imaging and photothermal therapy by Au decorated 
silica coated UC nanoparticles. 
In this work, the emission intensity of NaYF4:Yb,Er UC nanoparticles was 
enhanced by 15 times through deposition of an undoped NaYF4 shell ( 3-nm thick). 
Furthermore, gold decorated NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) 
nanocomposites (70-80 nm) were synthesized using a reverse micro-emulsion method. 
These nanocomposites were very efficient to destroy BE(2)-C cancer cells and 
showed strong potential in photothermal therapy. This study would promote the 
development of both early diagnosis for cancer by cell imaging technology and 
specific, localized and low toxic cancer therapy treatment. 
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1.7 Outline of the thesis 
The outline of this thesis is presented as follows: 
1. Synthesis and characterization of NaYF4:Yb,Er UC nanoparticles and surface 
modification of UC nanoparticles by undoped NaYF4 shell coating (Chapter 3).  
2. Surface modification of UC nanoparticles by amino functionalized and 
PEGylated silica coating by a reverse micro-emulsion (Chapter 4). 
3. Synthesis of Au decorated NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) 
nanocomposites and their UC emission properties (Chapter 5). 
4. The dispersion and stability of surface modified UC nanoparticles in bio 
media and their bio applications in imaging and photothermal therapy of 
cancer cells (Chapter 6). 
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Chapter 2 Characterization techniques 
2.1 X-ray Diffraction (XRD) 
XRD is a non-destructive analytical technique which can reveal the 
information of the crystal structure and chemical composition of materials. In this 
technique, monochromated X-ray beam hits a sample and is scattered by the atoms in 
the sample. The scattered intensity of the X-ray is collected as a function of the 
incident and scattered angle. In this thesis, the crystal structures were investigated 
using a powder XRD diffractometer system (Cu Kα radiation) (Bruker AXS, 
Karlsruhe, Germany). 
2.2 Transmission Electron Microscopy (TEM) 
TEM is a very powerful microscopy technique to study nanoscale materials. In 
TEM, an electron beam with high energy is transmitted through an ultra thin sample. 
An image can be formed from the interaction of the transmitted electrons and the 
sample.  
TEM have higher resolution than light microscope since electrons have 
smaller de Broglie wavelength which can interact with sample at atomic level. TEM 
requires ultra thin sample to make sure the electron can pass through. The contrast of 
TEM image is mostly due to the absorption of electron in the sample, thickness and 
composition of the material and crystal orientation. In this thesis, TEM images of 
nanoparticles were obtained using a JEOL JEM 3010 transmission electron 
microscope operated at 300 kV. 
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2.3 Photoelectron Spectroscopy 
Photoelectron spectroscopy, also known as photoemission spectroscopy, is a 
useful surface analysis by applying the photoelectric effect. When a material is 
exposed to a beam of high energy light (such as X-ray and UV), photoelectric 
ionization of the sample will be induced. The emitted photoelectrons from the atoms 
show different energies due to their different original electronic states and also 
vibrational state and rotational level. For solids, photoelectrons can escape only from 
a depth of several nanometers (normally ∼ 5 nm) from surface of the sample, so that it 
is a surface analysis tool.106  
Photoelectron spectroscopy can be used to determine the binding energies and 
energy levels of electrons in a substance by measuring the energy of emitted electrons 
(Figure 2.1).107  
 
 
Figure 2.1  Schematic diagram of photoelectric effect with denoted conduction band 
EC, Fermi energy EF, valence band EV and work function Φ. 
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The relationship between binding energy (BE) and measured kinetic energy 
(KE) of electrons is BE= hυ - KE, where hυ is the energy of excitation source. When 
using a monochromatic source, the energy that one photon imparts on an electron is a 
known quantity, then the BE can be calculated by measured KE. The information of 
energy levels of electros (work function Φ and Fermi energy EF) can also be obtained 
from the spectra. 
Photoelectron spectroscopy refers to various techniques, depending on the 
different ionization energy sources used such as X-ray and ultraviolet. 
2.3.1 Ultraviolet Photoelectron Spectroscopy (UPS) 
UPS is a photoelectron spectroscopy using vacuum UV (10-45 eV) radiation 
source. It is a useful tool to determine energy levels of materials in the valence region. 
In this thesis, UPS spectra of the samples were carried out in a Kratos Axis UltraDLD 
system (Kratos analytical, Manchester, UK) equipped with a hemispherical sector 
analyser, using He I source (21.2 eV). 
2.3.2 X-ray Photoelectron Spectroscopy (XPS) 
XPS is a photoelectron spectroscopy using soft x-ray (200-2000 eV) radiation 
source. It is used to examine core-levels of materials due to its high photo energy 
compared with UPS. 
XPS spectra of the samples were carried out in a Kratos Axis UltraDLD system 
(Kratos analytical, Manchester, UK) equipped with a hemispherical sector analyser, 
using Kα x-ray source from a monochromatic Al anode (1486.6 eV). The XPS 
measurement was repeated three times for each sample. The relative concentrations of 
each element were calculated based on the comparison of the integrated areas of their 
peaks modified by respective sensitivity factors. 
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2.4 Optical characterization 
2.4.1 Fourier transform infrared spectroscopy (FTIR) 
FTIR is a technique obtaining an infrared spectrum of absorption, emission or 
transmission of a solid, liquid or gas. An FTIR spectrometer simultaneously collects 
spectral data in a wide spectral range. This is a significant advantage over a dispersive 
spectrometer which measures intensity over a narrow range of wavelengths at a time.  
FTIR spectroscopy is used to identify types of chemical bonds. The chemical 
bond is characterized by the wavelength of light hat has been absorbed. By 
interpreting the infrared transmission spectrum, the chemical bonds in a molecule can 
be determined. In this thesis, FTIR spectra were collected on a Varian FT3100 
spectrometer. 
2.4.2 Raman spectroscopy 
Raman spectroscopy is a spectroscopic technique which measures the inelastic 
scattering or Raman scattering of a laser in visible, NIR, or near UV range. Raman 
effect is a light scattering phenomenon in which laser photons interact with molecular 
vibrations, phonons or other excitations in the system, resulting in the energy of the 
laser photons being shifted up or down. The shift in energy gives information about 
the vibrational, rotational, and other low-frequency modes of molecular. In this thesis, 
Raman spectra were obtained using HR800 MicroRaman system (Horiba-Jobin Yvon) 
with a 514.35 nm laser. 
2.4.3 UV-vis absorption spectroscopy 
Ultraviolet-visible spectroscopy (UV-vis) refers to absorption spectroscopy in 
the visible and adjacent (near-UV and NIR) ranges. In this region, molecules undergo 
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electronic transitions. This technique is normally complementary to fluorescence 
spectroscopy, in that fluorescence deals with transitions from the excited state to the 
ground state, while absorption measures transitions from the ground state to the 
excited state. The UV-vis absorption spectra were measured by CARY-5000 UV-
Visible-NIR spectrophotometer (VARIAN). 
2.4.4 Luminescence spectrometer 
In this thesis, the UC luminescence spectra were measured using a LS-55 
luminescence spectrometer (Perkin–Elmer) with an external 980 nm laser diode (0.8 
W, continuous wave with 1 m fiber, Beijing Viasho Technology Co.) as the excitation 
source in place of the xenon lamp in the spectrometer. The spectrometer was operated 
in the bio-luminescence mode, with a gate time of 1 ms, delay time of 1 ms, cycle of 
20 ms, and a flash count of 1. 
2.5 Inductively coupled plasma analysis (ICP) 
ICP is an analytical technique to determination of trace metals. In this thesis, 
inductively coupled plasma optical emission spectrometry (ICP-OES) is used. It is a 
type of emission spectroscopy that uses the inductively coupled plasma to produce 
excited atoms and ions which emit electromagnetic radiation at wavelengths 
characteristic of a particular element. The intensity of this emission can indicate the 
concentration of the element within the sample. ICP-OES can determine the metals in 
solutions for identification and differentiation of elemental metals down to ppb levels. 
Instrumentation used in this study is a Dual-view Perkin-Elmer Optima 5300 DV ICP-
OES system. Sample is prepared by Milestone microwave laboratory system. 
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2.6 Thermogravimetry Analysis (TGA) 
TGA is a type of tool which measures changes of the samples in weight in 
relation to change in temperature. It is commonly used to determine characteristics of 
materials such as polymers, degradation temperatures, absorbed moisture content of 
materials, the level of inorganic and organic components in materials and solvent 
residues. The thermally induced weight loss of nanoparticles was obtained using a 
thermal gravimetric analyzer SDT Q600 (TA Instruments, New Castle, DE, USA). 
2.7 Measurement of Zeta potential 
Particles dispersed in an aqueous solvent will generate a surface charge by 
ionization of surface groups or adsorption of charged species. These surface charges 
modify the distribution of the surrounding ions, resulting in a double layer structure 
around the particle. When the particle moves under Brownian motion, this layer 
moves as part of the particle. Zeta potential is electric potential in the interfacial 
double layer at the location of the slipping plane (Figure 2.2). In other words, Zeta 
potential is the potential difference between the dispersion medium and the stationary 
layer of fluid attached to the dispersed particle. 
The Zeta potential of particles is related to the stability of colloidal dispersions. 
The Zeta potential indicates the degree of repulsion between adjacent, similarly 
charged particles in a colloidal dispersion. For small particles, a high Zeta potential 
will confer stability and resist aggregation. When the potential is low, attraction 
exceeds repulsion and the dispersion will break and aggregate. So, particles with high 
Zeta potential (negative or positive) are electrically stabilized while particles with low 
Zeta potentials tend to form aggregation. 
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Figure 2.2  Potential difference as a function of distance from particle surface. 
 
Zeta potential can be measured by applying an electric field across the 
dispersion. Particles with a Zeta potential will migrate toward the electrode of 
opposite charge with a velocity proportional to the magnitude of the Zeta potential. 
This velocity is measured as the particle mobility using a laser beam through the 
technique of laser Doppler anemometry. This mobility can be converted to the Zeta 
potential by inputting the dispersant viscosity. Zeta potential of UC nanoparticles was 
performed using a Malvern Zetasizer Nano ZEN3600. 
2.8 Dynamic light scattering (DLS) 
Dynamic light scattering (also known as photon correlation spectroscopy or 
quasi-elastic light scattering) is a technique in physics that can be used to determine 
the profile of size distribution of small particles in suspension or polymers in 
solution.108 When light hits small particles, the light scatters in all directions 
(Rayleigh scattering). If the light source is a laser which is monochromatic and 
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coherent, then a time-dependent fluctuation in the scattering intensity can be observed. 
These fluctuations are due to Brownian motion of small particles in solutions. Within 
this intensity fluctuation, information of the size of the scatters can be obtained. DLS 
in this thesis was performed using a Malvern Zetasizer Nano ZEN3600. 
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Chapter 3 Synthesis and characterization of UC nanoparticles 
In this chapter, NaYF4:Yb,Er UC nanoparticles were synthesized following a 
modified thermal decomposition method.11, 20 The energy structure of these 
nanoparticles was studied. To enhance the emission intensity of UC nanoparticles, 
undoped NaYF4 shell was deposited on the surface of NaYF4:Yb,Er nanoparticles to 
form a core/shell structure. The shell thickness effect, energy transfer between Yb and 
Er dopants and the dopants diffusion in core/shell structure were studied in details. 
3.1 Experimental method 
Unless noted otherwise, the following procedures were followed. 
1. Preparation of precursor 
For preparation of NaYF4:20%Yb,2%Er precursor, yttrium(III) chloride 
hexahydrate (11.7 mL, 0.2 M), ytterbium(III) chloride hexahydrate (3 mL, 0.2 M) and 
erbium(III) chloride hexahydrate (0.3 mL, 0.2 M) solution were mixed. Then this 
solution were precipitated by 2 mL of ammonia (38%), centrifuged and washed 3 
times by deionized water. Next, precipitation and 0.318 g of sodium carbonate were 
dissolved together in 2 mL of trifluoroacetic acid (CF3COOH), followed by drying in 
oven at 80 °C for 2 days. The dry powder was later dissolved in oleylamine (12 mL), 
and then passed through a 0.22 µm filter (Millipore) to remove any residues. 
For preparation of undoped NaYF4 precursor, only yttrium chloride 
hexahydrate (15 mL, 0.2 M) was used in the first step without Yb and Er solution. 
2. Synthesis of nanoparticles 
For synthesis of NaYF4:20%Yb,2%Er nanoparticles, oleylamine (4 mL) and 
trifluoroacetic acid (0.25 mL) were mixed in a 25 mL flask under vigorous stirring. 
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The mixture was heated to 260 °C for 10 min in the presence of argon to remove 
oxygen and water in the solution. The solution was then cooled down to 90 °C and 
added 0.5 mL of UC precursor prepared from last step. The mixture was heated to 
340 °C for 0.5 h. The transparent yellowish reaction mixture was allowed to cool to 
90 °C. The final oleylamine capped NaYF4:20%Yb,2%Er nanoparticles can be 
collected.  
For synthesis of NaYF4:20%Yb,2%Er / NaYF4 (core/shell) nanoparticles, 
undoped NaYF4 precursor (1.5 mL) was added into the reaction after core preparation. 
The mixture was then heated to 340 °C for another 0.5 h. The final core/shell product 
was allowed to cool down to room temperature and kept as stock solution.  
3. Sample preparation for test 
For solution test and TEM, 200 µL of NaYF4:Yb,Er nanoparticles in 
oleylamine solution were mixed with ethanol (3 mL). The nanoparticles were then 
collected by centrifugation and re-dispersion in 2 mL of hexane. For powder test, 
nanoparticles need to be washed three times with ethanol to remove oleylamine 
capped on the surface of UC nanoparticles.  
The chemical structures of the reactants are shown as below. 
Oleylamine            
Trifluoroacetic acid                     
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3.2 NaYF4:Yb,Er UC nanoparticles 
3.2.1 Characterization 
Yb (20%) and Er (2%) doped NaYF4 UC nanoparticles were synthesized by 
thermal decomposition method. The XRD pattern of NaYF4:Yb,Er nanoparticles is 
shown in Figure 3.1. The peak positions and intensities matched well with the 
diffraction pattern of hcp NaYF4:Yb,Er crystal (Joint Committee on Powder 
Diffraction Standards (JCPDS), file number PDF 28-1192) and no other phase was 
detected. 
 
























































Figure 3.1  XRD powder pattern of the NaYF4:Yb,Er (upper part), and line pattern 
(lower part) of the calculated hexagonal phase NaYF4:Yb,Er (JCPDS file number 
PDF 28-1192). 
 
The reaction yield of NaYF4:Yb,Er nanoparticles by thermal decomposition 
was studied. The theoretical yield for the reaction is 25.8 mg based on the amount of 
chemical used to prepare the UC precursor (Appendix A). The actual production 
measured was ∼19 mg. So the final yield in this reaction is around 74%.  
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The composition of UC nanoparticles were studied by ICP analysis. To 
monitor the concentration change of Yb and Er dopants, both UC precursor and 
nanoparticles were tested (Table 3.1). To avoid operation error, the tested UC 
precursors and nanoparticles were from the same batch. Table 3.1 shows that the 
concentrations of Y, Yb and Er dopants agreed with expectation. The concentrations 
of Yb and Er were slightly lower than the theoretical value, whereas Y was a little 
higher in both precursor and nanoparticles. This deviation from precursor may be due 
to the measurement of Y, Yb and Er salt solution when preparing UC precursor. 
 
Table 3.1  The composition of UC precursor and nanoparticles by ICP analysis. 
 
Y (mol%) Yb (mol%) Er (mol%) 
T.V. E.V. Error T.V. E.V. Error T.V. E.V. Error 
Precursor 0.78 0.786 0.77% 0.2 0.195 -2.5% 0.02 0.019 -5 % 
Nanoparticles 0.78 0.792 1.54% 0.2 0.189 -5.5% 0.02 0.019 -5 % 
T.V.--Theoretical value NaY0.78F4:0.2Yb,0.02Er ; 
E.V.--Experimental value from ICP 
Error = (E.V.-T.V.)/T.V. × 100 %  
 
NaYF4:Yb,Er nanoparticles were suspended in hexane and dropped on the 
TEM grid with carbon coating. Figure 3.2a and b present the TEM bright field images 
of these nanoparticles. These images showed that UC nanoparticles were uniform and 
monodispersed. The average size was estimated by random measurements of ~ 100 
particles. The size of NaYF4:Yb,Er nanoparticles was 11.1 ± 1.3 nm (inset of Figure 
3.2a). High-resolution TEM (HRTEM) image (Figure 3.2c) showed the (100) spacing 
of hcp NaYF4:Yb,Er, confirming that each particle was a single crystal. The selected-
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area electron diffraction pattern showed polycrystalline hcp NaYF4 diffraction rings 
of randomly oriented particles (Figure 3.2d).  
 
 
Figure 3.2  TEM images (a and b), size distribution (inset of a) HRTEM image (c) and 
diffraction pattern (d) of the NaYF4:Yb,Er nanoparticles. 
 
Room temperature UC luminescence spectra of NaYF4:Yb,Er and undoped 
NaYF4 nanoparticles were measured in hexane under 980nm NIR excitation (Figure 
3.3). NaYF4 nanoparticles as a control sample showed no emission as expected. The 
four emission peaks in NaYF4:Yb,Er spectrum, 410 (blue), 522.5 (green), 541.5 
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(green) and 655.5 nm (red), corresponded to the 2H9/2-4I15/2, 2H11/2-4I15/2, 4S3/2-4I15/2 and 
4F9/2-4I15/2 transitions of Er3+, respectively. Note that the green emission (522.5 and 
541.5 nm) was the strongest. The inset imaging in Figure 3.3 shows the image of UC 
nanoparticles (in hexane) under 980 nm excitation. The green color of the imaging 
was consistent with the spectrum. 




































Figure 3.3  UC luminescence spectra of NaYF4 and NaYF4:Yb,Er nanoparticles under 
980nm NIR excitation. UC luminescence image (inset) of NaYF4:Yb,Er nanoparticles 
in hexane under 980 nm excitation.  
 
3.2.2 Energy structure 
Luminescence of UC nanoparticles is generated from 4f-4f transition of Ln 
dopants in NaYF4 host. Thus it is very important to understand the electronic energy 
structure of NaYF4 host and NaYF4:Yb,Er nanoparticles. The locations of Ln 4f 
energy level in different hosts (such as, NaLaF4 109 and Y2O3 110) have been reported. 
However, the location of Yb and Er 4f energy level in nano size NaYF4 has not been 
reported. Here, UPS was employed for the energy structure study.  
To determine the energy structure of UC nanoparticles, ionization energy is a 
very important parameter. The ionization energy or ionization potential is the energy 
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necessary to remove an electron from the neutral atom or molecule. Based on the 
ionization energy, the location of valence band maximum (VBM) of a material versus 
vacuum can be determined. UPS spectra normally can be used to determine the 
ionization energy and work function Φ of a material from which Fermi level can also 
be determined. In our case NaYF4 is an insulator. Thus the Fermi level is not 
important and only VBM will be studied. From UPS spectra, ionization energy of the 
sample can be obtained by subtracting the binding energy width between left and right 
cutoff edge from the photon energy of the He I source 21.2 eV. This is equal to the 
difference between excitation energy He I and the overall width of the spectra.107, 111 
The UPS spectra of undoped NaYF4, NaYF4:Yb and NaErF4 nanoparticles are 
shown in Figure 3.4. In the case of undoped NaYF4, the left and right binding energy 
cutoff of the spectrum was determined by fitting straight lines into the cutoff edges 
and determining the intersections with the x axis (Figure 3.4 a). The ionization energy 
value was calculated as 21.2 - (20.68 - 11.22) = 11.74 eV. Therefore the location of 
VBM of NaYF4 can be shown as -11.74 eV (versus vacuum). To determine the 
location of Yb3+ground state 2F7/2, UPS spectra of NaYF4:20%Yb nanoparticles were 
measured (Figure 3.4 b). From the spectrum, the location of ground stat 2F7/2 of Yb3+ 
can be calculated as 21.2 - (19.52 - 6.92) = 8.60 eV. This indicated that ground state 
2F7/2 of Yb3+ was higher than VBM of NaYF4 host. To calculate the location of 
ground state 4I15/2 of Er3+, NaYF4:2%Er and NaYF4:20%Er nanoparticles were 
measured first. However, these NaYF4:Er spectra had no significant change compared 
with undoped NaYF4. According to the references,112, 113 the location of 4I15/2 of Er3+ 
and VBM of NaYF4 host may be close to each other. Therefore, NaErF4 nanoparticles 
instead of NaYF4:Er were tested (Figure 3.4 c). Using the same method, the location 
of Er3+ ground state 4I15/2 can be calculated as 10.84 eV.  
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Figure 3.4  UPS spectra of undoped NaYF4, NaYF4:Yb and NaErF4 nanoparticles. 
 
To determine the location of conduction band (CB) of NaYF4, UV-vis 
absorption spectra were measured in Figure 3.5. An absorption peak occurred for 
NaYF4:Yb,Er nanoparticles at ~ 220 nm (~ 5.6 eV), whereas undoped NaYF4 as 
control showed a relatively flat curve (Figure 3.5). Undoped NaYF4 has a large band 
gap. Based on references, NaLaF4 and LiYF4 which have similar structure as NaYF4 
have band gaps ~ 11.5 eV112 and 10.55 eV,114 respectively. The upper limit of our 
UV-vis spectroscopy was 6.2 eV (200 nm). It is therefore expected that NaYF4 
nanoparticles should have energy gap larger than 6.2 eV which was already beyond 
the limitation of our equipment. The peak at 220 nm of NaYF4:Yb,Er nanoparticles 
(Figure 3.5) can be attributed to the 4f-5d transition of 20% doped Yb.113, 115, 116 
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Figure 3.5  UV-vis absorption of NaYF4 and NaYF4:Yb,Er nanoparticles in hexane. 
 
Based on above calculated energy state locations, the energy structure of 
NaYF4:Yb,Er may be drawn in Figure 3.6. This diagram shows that the ground states 
of Yb and Er dopants were not located at VBM of NaYF4 but inside the energy gap 
between VB and CB of NaYF4. Since NaYF4 has large energy gap (∼ 10 eV), the 
energy transfer between Yb and Er would not be affected. 
 
 
Figure 3.6  Energy level diagram of NaYF4:Yb,Er nanoparticles (versus vacuum). 
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3.3 NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles 
To enhance the emission intensity of NaYF4:Yb,Er UC nanoparticles, undoped 
NaYF4 shell coated NaYF4:Yb,Er nanoparticles were synthesized by the same thermal 
decomposition method. 
3.3.1 Characterization 
The XRD pattern of NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles is shown 
in Figure 3.7. The XRD indicated that after NaYF4 shell coating nanoparticles 
maintained hcp phase and no other phase was detected. The composition of 
NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles was tested by ICP (Table 3.2). The 
table indicated that the concentration of Yb and Er dopants agreed with the theoretical 
value.  
 

































































































Table 3.2  The composition of NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles by 
ICP analysis. 
 
Y (mol%) Yb (mol%) Er (mol%) 
T.V. E.V. Error T.V. E.V. Error T.V. E.V. Error 
core/shell 
nanoparticles 0.945 0.9470  0.21%  0.05 0.0483  -3.4%  0.005 0.0047  -6%  
T.V.--Theoretical value; 
E.V.--Experimental value from ICP; 
Error = (E.V.-T.V.)/T.V. × 100 %  
 
Figure 3.8 shows the TEM images of NaYF4:Yb,Er / NaYF4 (core/shell) 
nanoparticles with an average size of 16.2 ± 2.7 nm. Comparison with the core (11.1 
± 1.3 nm in Figure 3.2) indicates that the thickness of the undoped NaYF4 shell was ~ 
3nm. The extension of lattice fringes to the surface of the core/shell structure (Figure 
3.8, inset) confirmed the epitaxial growth of the undoped shell on the doped core. 
Since the undoped shell and doped core consisted of NaYF4, diffraction contrast due 
to dopants of Yb and Er would not be expected to be observed.  
 
 
Figure 3.8  TEM image and HRTEM image (inset) of the NaYF4:Yb,Er / NaYF4 
(core/shell) nanoparticles. 
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3.3.2 UC luminescence properties 
Room temperature UC luminescence spectra of NaYF4:Yb,Er and 
NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles using the same particle 
concentrations under 980nm NIR excitation are compared in Figure 3.9. After the 
deposition of the undoped NaYF4 shell, the emission peak positions did not show any 
observable shift; indicating that the energy structure of Er3+ remained the same. The 
total luminescence intensity increased by ~ 15 times compared to that of uncoated 
cores. Note that in our group’s previous work,20 the emission enhancement was only 
7.4 times using an undoped shell of ~1.3 nm thick. In this present work, the 15-times 
increase was due to a thicker undoped NaYF4 shell. A thicker shell provided a more 
effective barrier to interactions with high phonon energy environments. Inset of 
Figure 3.9 shows an image of comparison of NaYF4:Yb,Er and NaYF4:Yb,Er / NaYF4 
(core/shell) nanoparticles in hexane. 
 




















Figure 3.9  UC luminescence spectra of NaYF4:Yb,Er and NaYF4:Yb,Er / NaYF4 
(core/shell) nanoparticles under 980nm NIR excitation. UC luminescence image (inset) 
of NaYF4:Yb,Er and NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles in hexane under 
980 nm excitation.  
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To further understand the effects of undoped shell on emission intensities of 
NaYF4:Yb,Er nanoparticles, the UC process in NaYF4:Yb,Er is discussed using the 
energy level diagram in Figure 3.10.117 First, the 4f-4f electric dipole transition is 
strictly forbidden for an isolated Ln3+ ion of the sensitizer and activator. When 
incorporated into a host, the presence of the crystal field surrounding the Ln3+ ion 
causes the mixing of the 4f levels with different parity states that enables the 4f-4f 
transition. In a nanoparticle, the atoms or ions residing on the surface experience 
different bonding environments compared to those in the interior of the particle. The 
surface atoms of the bare UC nanoparticles would be modified by the shell offering a 
complementary crystal field to the surface atoms or ions, and enables the 4f-4f 
transition of surface Ln3+ ions.118 This would also minimize undesirable non-radiative 
loss to the environments. 
As sensitizer, Yb3+ ions are first excited by 980 nm NIR photons from the 
ground state 2F7/2 to the excited state 2F5/2 (this energy gap is ~ 10000 cm-1). Then, the 
Er3+ ions are excited from the ground state 4I15/2 to the excited state 4I11/2 by energy 
transfer from Yb3+. Next, the Er3+ ions in the 4I11/2 level are further excited to the 4F7/2 
level by another energy transfer from 2F5/2 level of Yb3+ ion. For green emission, non-
radiative relaxations from 4F7/2 to 2H11/2 and 4S3/2 (gap ~ 2000 cm-1) occur, 
respectively, and then Er3+ emit green light. These energy gaps (~ 2000 cm-1) are 
easily bridged by 5 phonons in the NaYF4; hence non-radiative multi-phonon 
relaxation is fast. 
For blue emission, when the Er3+ ions are excited to the 4F7/2 level and through 
a non-radiative relaxation to the 4S3/2 level, instead of emitting green light, they are 
further excited by either NIR absorption or energy transfer from Yb3+ to the 4G11/2 
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level. Following a non-radiative relaxation to the 2H9/2 level, the excited Er 3+ ions 
emit blue light. 
 
 
Figure 3.10  An energy level diagram of Yb3+ and Er3+ ions and the upconversion 
mechanisms under 980 nm excitation.117 The dashed-dotted, dashed and dotted 
represent photon excitation, energy transfer and multi-phonon relaxation, respectively. 
Only visible emissions are shown here. 
 
For red emission, there are two routes: (1) cross-relaxation process of Er3+ 
(4S3/2+4I15/2 → 4I9/2+4I13/2), this process is closely related to Er concentration on 
particle surface,119 (2) non-radiative relaxation from 4I11/2-4I13/2 of Er3+ occurs before 
absorbing another 980 nm NIR photon to further excite Er3+ to 4F9/2, followed by red 
emission. The 4I11/2-4I13/2 non-radiative relaxation gap is ~5000 cm-1, which requires at 
least 10 phonons to bridge this gap. This unlikely multi-phonon process is also 
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insensitive to the NaYF4 host considering its effective phonon energy. For UC 
nanoparticles, the attached surfactant functional groups to the UC surface atoms need 
to be considered. These functional groups tend to have high vibrational energy that 
enables the non-radiative phonon process to take place. As a result, the population in 
4I13/2 may increase, which in turn reduces the population in 4I11/2 responsible for 
absorbing a second NIR photon to 4F7/2, followed by the relaxation to 2H11/2, 4S3/2 
states and then green emission. Further, multi-phonon relaxation of the 4I13/2-4I15/2 
may also occur for the same reason due to this high phonon energy surface ligands. 
This process, if allowed to occur, tends to decrease the green emission and the total 
emission intensity. Hence, the shell plays an important role as a shield from the non-
radiative relaxation processes induced by the surface functional groups and the 
environment of the UC nanoparticles. 
For our NaYF4 shell coated NaYF4:Yb,Er nanoparticles, the difference of 
lattice parameters between hcp NaYF4:Yb,Er (a: 5.96 Å and c: 3.51 Å, JCPDS file 
number PDF 28-1192) and hcp NaYF4 (a: 5.96 Å and c: 3.53 Å, JCPDS file number 
PDF 16-334) is 0.5 %. Our experimental results of doped core and undoped shell 
actually showed no difference in their lattice parameters (likely due to X-ray 
diffraction measurement resolution). It is therefore reasonable to expect that the 
undoped shell would epitaxially grow on the doped core, and the shell would provide 
a complementary crystal field to the surface Ln3+ sensitizer and activator ions. Hence, 
the undoped shell can shield UC core from the non-radiative relaxation processes and 
dramatically enhance the emission intensity.  
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3.3.3 Shell thickness effect 
To further understand the effects of undoped shell on emission intensities of 
NaYF4:Yb,Er nanoparticles, the effects of shell thickness of undoped NaYF4 was 
investigated in the NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles. Figure 3.11 
shows that the emission intensity of NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles 
significantly increased with increasing undoped NaYF4 shell thickness up to ~ 3 nm. 
An increase of shell thickness to ~8 nm did not result in further emission 
enhancement. It is likely that increasing shell thickness would lead to a better spatial 
coverage and crystallinity.  
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Figure 3.11  The relationship between the total emission intensity of NaYF4:Yb,Er / 
NaYF4 (core/shell) nanoparticles and the shell thickness of undoped NaYF4. 
 
From these data, there appeared a critical shell thickness, ~ 3 nm, for 
optimized structural properties that would provide a complementary crystal field to 
the Ln3+ ions on the surface of doped core and a barrier to non-radiative multiphonon 
relaxation induced by the environment. In NaYF4, the distance between Ln3+-Ln3+ 
where electric dipole-dipole resonance energy transfer takes place is in order of ~1 
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nm.118 This may be inferred that the length scale of interaction of Ln3+ ions has 
approximately the same value. When the NaYF4 shell was ~1 nm thick (Figure 3.11), 
only a maximum of 2 unit cells existed. It would be likely that the wave function of 
Ln3+ ions would still have a certain extent of interactions with the phonons of 
surfactants or other molecules in the environment. When the shell thickness reached 
~3 nm, a sufficient number of unit cells of undoped shell provided a barrier to prevent 
these undesirable interactions and significantly enhance the emission intensity.  
3.4 Core/shell structure of UC Nanoparticles 
To further understand the function of undoped shell in the UC core/shell 
nanoparticles and the implication of the 3 nm critical shell thickness, UC 
nanoparticles with several different core/shell structures were studied. In Figure 3.12, 
NaYF4:Yb,Er / NaYF4 (core/shell), NaYF4:Yb,Er / NaYF4:20%Yb (core/shell) and 
NaYF4:Yb,Er / NaYF4:2%Er (core/shell) nanoparticles were synthesized. These 
nanoparticles consisted of the same UC core coated by same shell thickness of the 
shell (3 nm), but different dopants in the shell and denoted as UC/shell, UC/Yb and 
UC/Er, respectively. 
 




UC/undoped shell UC/Yb doped shell UC/Er doped shell 
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Figure 3.13 shows the UC emission spectra of the three core/shell UC 
nanoparticles. UC/shell and UC/Yb showed the same emission intensity; however, the 
total emission intensity of UC/Er decreased 65% compared with UC/shell. The only 
difference between these three samples was the dopants in the shell. Thus it is 
reasonable to speculate that Yb ions in the shell may not induce UC quenching. On 














Figure 3.13  UC luminescence spectra of UC/shell, UC/Yb and UC/Er in hexane 
under 980 nm excitation. 
 
The Er dopants in the shell performed as a bridge to transfer energy from UC 
core to high phonon energy environment and therefore increasing non-radiative 
transitions and decreasing emission of UC. The energy gap for Yb ion 2F5/2-2F7/2 is 
only 10200 cm-1, (980 nm) which is too narrow to transfer energy in the visible range 
from UC core to the high phonon energy environment. 
To confirm and explain this speculation, a series of UC/xEr (x, from 0 to 2.5%) 
nanoparticles with the same UC core and different Er concentration doped shell were 
synthesized. Only 2% Er doped core with different Er concentration doped shell 
nanoparticles (NaYF4:Er / NaYF4:xEr) were synthesized as control samples. In Figure 
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3.14a, the normalized total emission intensities of these two sample series were 
compared. The total emission intensity is the integration of both green and red 
emission. NaYF4:Er / NaYF4:xEr as control had almost no emission intensity 
compared to UC/xEr. The emission intensity of UC/xEr decreased with the increasing 
Er concentration (x) in the shell. This indicated that Er ions in the shell were the 
quenching centers for UC core. These Er dopants in the shell were performed as a 
bridge to transfer energy from UC core to high phonon energy environment and 
therefore increasing non-radiative transitions and decreasing emission of UC. Higher 
Er concentration in the shell meant shorter distance between two nearby Er dopants 
and more efficiency energy transfer and quenching.  
Based on the concentration of Er dopant, the average distance between two 
nearby Er dopants can be calculated. Figure 3.14d shows the structure of hcp NaYF4 
crystal.109 From the lattice parameters, the volume of one unit cell can be calculated as 
108.6 Å3. Each unit cell contains 1.5 Y atoms. So the volume per Y atom occupied is 
equal to 108.6/1.5 = 72.4 Å3. From the doping concentration of Er, the volume of 
each Er ion occupied and also the average distance between two nearest Er ions can 
be calculated (Appendix B). 
The relationship between Er-Er distance and emission intensity of UC/xEr is 
shown in Figure 3.14b. The emission intensity of UC/xEr significantly decreased with 
the decrease of Er distance in the shell. It is likely that decrease of Er distance would 
lead to a stronger quenching effect. When the Er distance was larger than ~ 2.3 nm, 
the emission intensity of UC/xEr nanoparticles did not decrease. From these data, 
there appeared to be a critical Er distance, ~ 2.3 nm, for preventing emission 
quenching by energy transfer of Er. Beyond this distance, the energy cannot be 
transferred from UC core to surrounding environment through Er dopants as a bridge 
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in the shell. This Er distance was consistent with our previous result (section 3.3.3). In 
that section, 3 nm undoped shell provided a barrier to prevent undesirable interactions 
of UC nanoparticles from surrounding environment and significantly enhance the 
emission intensity by 15 times.  
 
Figure 3.14  Normalized emission intensity of UC/xEr and NaYF4:Er / NaYF4:xEr 
nanoparticles as control versus (a) Er concentration and (b) Er-Er distance. (c) Green 
to red ratio of UC/xEr nanoparticles. (d) Structure of hcp NaYF4 crystal. 
 
To further study the emission property of UC/xEr nanoparticles, the green to 
red ratio of the UC emission was calculated. The green to red (G/R) ratio is the area 
integral of green emission peak over the area integral of red emission peak. Figure 
3.14c shows that G/R ratio increased with Er distance decrease, while the total 
emission intensity decreased. This result illustrated that the decreasing rate of red 
emission was higher than that of green emission with increasing Er distance since the 
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cross relaxation of Er dopants are strongly distance dependent. With decreasing Er 
distance, the cross relaxation between Er dopants dramatically increased.120, 121 This 
cross relaxation process of Er transferred energy from the UC core to the surrounding 
environment. Because this relaxation process mainly affected red emission, the red 
emission of UC/xEr nanoparticles decreased faster than green in Figure 3.14c. 
The processes for green emissions in UC nanoparticles containing high Yb3+ 
concentration can be expressed as:122 
2F5/2 (Yb3+) + 4I15/2 (Er3+) → 2F7/2 (Yb3+) + 4I11/2 (Er3+)                  (ET1) 
4I11/2 (Er3+) → 4I13/2 (Er3+)                       (non-radiative relaxation) 
The cross-relaxation between Er dopants and the high frequency vibrational 
groups on the surface lead the population of 4I13/2.  
2F5/2 (Yb3+) + 4I13/2 (Er3+) → 2F7/2 (Yb3+) + 4F9/2 (Er3+)                  (ET2) 
2F5/2 (Yb3+) + 4F9/2 (Er3+) → 2F7/2 (Yb3+) + 2H9/2 (Er3+)                  (ET3) 
ET2 and ET3 may happen due to high concentration of Yb3+. 
2H9/2 (Er3+) → 2H11/2 / 4S3/2                     (non-radiative relaxation) 
This three photon process may populate the 2H11/2 / 4S3/2 states which are 
responsible to the green emission. This is the main factor leading to the more rapid 
decrease of the the red emission of UC/xEr nanoparticles than the green emission. 
3.5 Dopant diffusion in core/shell structure 
The emission intensity of UC nanoparticles is very sensitive to the 
concentration of dopants.119, 123 UC nanoparticles with low doping concentration did 
not have sufficient absorption of NIR excitation. Above a certain doping 
concentration, the process of cross-relaxation severely quenched Ln ions.10 Therefore 
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it is very important to understand the distribution of dopants in UC nanoparticles, 
especially in nanoparticles with core/shell structure.  
For synthesis of core/shell nanoparticles, UC core needs to be subjected to 
high temperature (340 oC) which may induce the diffusion of dopants from core to 
shell. The average doping concentration of nanoparticles was confirmed by ICP. 
However, ICP cannot show the distribution profile of dopants in depth. XPS is a 
surface sensitive technique to characterize surface composition and binding states of 
solids. Composition depth profiling can be carried out as a succession of ion 
sputtering and XPS analysis cycles. However, XPS is good for film but not suitable in 
our case due to several limitations. First, it is very difficult to prepare nano-size 
powder to be a film with a flat surface for XPS. Normally nano powders have rougher 
surface compared to film. Signals from nanoparticles could originate from different 
regions (e.g. both core and surface). Second, the attenuation length for UC 
nanoparticles is larger than 5 nm which means the signal from almost the entire 
nanoparticle can be detected.106 Therefore the composition depth profiling cannot be 
obtained. Finally, since the Er doping concentration is only 2%, XPS signal from Er is 
very weak. It is very difficult to get the accurate composition ratio of Er/Y. 
It is also very difficult to directly measure the distribution profile of dopants as 
a function of distance from surface as well as dopants diffusion in core/shell structure 
UC nanoparticles. In this section, the issue of dopant diffusion was studied through 




Figure 3.15  Schematic illustration of nanoparticle designs with core/shell structure 
for dopant diffusion study. 
 
In this design, three different core/shell structures of UC nanoparticles were 
synthesized and the emission intensities of these nanoparticles were studied. NaYF4 / 
NaYF4:Yb (core/shell) nanoparticles denoted as core/Yb have no UC emission and 
NaYF4:Er / NaYF4 (core/shell) nanoparticles denoted as Er/shell have very little UC 
emission (from last section). Lastly, NaYF4:Er / NaYF4:Yb (core/shell) denoted as 
Er/Yb nanoparticles were synthesized. The last sample actually combined the features 
of first two core/shell nanoparticles. Since the first two nanoparticles have no 
emission separately, the third combined nanoparticles (Er/Yb) may only generate the 
UC emission from two ways: i) energy transfer from Yb (in shell) to Er (in core) and 
then emit visible light by Er; ii) atomic diffusion of Er and Yb to each other’s region 
during shell synthesis and form a Er and Yb co-doped region at the interface of 
core/shell structure. When the emission intensity of these Er/Yb nanoparticles was 
compared with UC/shell nanoparticles, the information of the width of inter-diffusion 
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Based on this concept, the emission spectra of UC/shell, Er/Yb and Er/shell 
nanoparticles were collected and shown in Figure 3.16. Er/shell nanoparticles as 
control had almost no emission compared to UC/shell. The integrated emission 















Figure 3.16  Emission spectra of UC/shell, Er/Yb and Er/shell (core/shell) 
nanoparticles. 
 
As discussed above, the emission of Er/Yb can only be generated from the 
interface of Er doped core and Yb doped shell. It can be assumed that the emission 
intensity scales linearly with the volume of the UC core. Based on the volume of 11 




=1-0.124, where R is the radius of UC core and W is the thickness of the 
core/shell interface. Thus, W is equal to 0.25 nm which is even shorter than one hcp 
NaYF4 unit cell (Appendix C). From this result, it may be suggested that there was no 
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significant dopant diffusion in the synthesis between the core and shell, and the 
effective energy transfer distance between Yb and Er was very short (∼ 0.25 nm). 
The Yb and Er dopant diffusion issue was not only discussed from 
experimental results but also from thermodynamic and kinetic aspects. The surface 
energies of Yb (0.5 J/m2)124, Er (1.17 J/m2)124 and Y (1.1 J/m2)125 had been reported. 
According to these data, Er has almost the same surface energy as Y, therefore it 
tends to be uniformly doped in the host if substitutional doping happened. Yb shows a 
lower surface energy and would be more likely to be segregated to the surface of 
nanoparticles. From kinetic aspect, diffusion process was controlled by the diffusion 
speed of the dopants in the host. It is very difficult to find out the diffusion coefficient 
of Yb and Er in NaYF4 host. Thus, the self-diffusion data of Y, Yb and Er were used 
here. The temperature dependence of the diffusivity can be expressed by the diffusion 
coefficient D = Do exp �-eQ
kT
� , where Do is the maximum diffusion coefficient (at 
infinite temperature), e is the electric constant, Q is the diffusion energy, k is the 
Boltzmann constant and T is the absolute temperature. From reference,126 Do and Q 
can be obtained. Temperature (T) is the reaction temperature (340 oC). Thus D can be 
calculated in Table 3.3. After the calculation of diffusion coefficient, the diffusion 
length (L = 2√Dt) was used to evaluate how far the atom had propagated in one 
direction by diffusion in time t (30 min = 1800 s) (Table 3.3) since the reaction time 
in synthesis process is 30 min. From the data in Table 3.3, Y and Er had very small 
diffusion coefficient and diffusion length, which can be ignored compared with 11 nm 
UC core. On the other hand, Yb had a long diffusion length (2.12 × 103 nm) in 30 min. 
Combining the information from both thermodynamic and kinetic aspects, Er dopant 
in NaYF4 host should be both thermodynamically and kinetically stable, which means 
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Er may be uniformly doped in the host without serious tendency to segregation, 
whereas Yb dopant in NaYF4 host was both thermodynamically and kinetically 
unstable. Yb atoms tend to segregate at the surface of nanoparticles due to the strong 
driving force from thermodynamics and kinetics. However, this does not mean the 
segregation of Yb dopant at the surface of nanoparticles must occur due to strong Yb-
F chemical bond (> 520 kJ/mol).127 
 
Table 3.3  Self-diffusion coefficient and diffusion length of Y, Yb and Er. 
 Y Yb Er 
Do (10-4 m2s-1) 5.2 0.12 4.51 
Q (eV) 2.91 1.253 3.134 
D (m2s-1) 6.76 × 10-28 6.2 × 10-16 1.41 × 10-29 
L (nm) 2.2 × 10-3 2.120 × 103 3.18 × 10-4 
 
To verify the dopant distribution, Er/Yb nanoparticles were examined by 
scanning transmission electron microscope (STEM) energy-dispersive X-ray (EDX) 
spectroscopy technique for the mapping of Yb and Er dopants distribution in 
nanoparticles. However, the diameter of nanoparticles was only ∼ 16 nm, which was 
too small to scan the dopant distribution mapping. 
To avoid the segregation effect of Yb at the surface or interface of core/shell 
nanoparticles, different Yb concentration doped NaYF4:Er / NaYF4:xYb (Er/xYb) 
nanoparticles were studied. The total emission intensity of Er/xYb is shown in Figure 
3.17a. UC/shell with different Yb doing concentrations in the core (NaYF4:xYb,Er / 
NaYF4) were synthesized as control samples to compare with Er/xYb. Both the 
sample series showed the highest emission at x = 20%. Comparing the emission 
intensity of the two sample series, the extent of the diffusion region at core/shell 
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interface can be calculated following the same method mentioned above. Figure 3.17b 
shows that the thickness of the diffusion region decreased with increasing 
concentration of Yb dopant. This result also indicated that the inter-diffusion between 
Yb and Er of Er/xYb would not happen. If inter-diffusion happened, the sample with 
higher Yb concentration in the shell may induce stronger diffusion and greater 
thickness of diffusion region. 
 
 
Figure 3.17  (a) Emission intensities of different Yb concentrations doped UC/shell 
(as control) and Er/xYb. The relationship of diffusion distance at core/shell interface 
and (b) Yb concerntration and (c) Yb-Yb distance. 
 
The relationship of diffusion distance and Yb concentration in Figure 3.17b 
could be explained by the energy transfer between Yb and Er at core/shell interface. 
The variation of Yb concentration means the distance between two nearest Yb ions 
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changed. The Yb-Yb distance can be calculated via previous method in section 3.4. 
Figure 3.17c shows the relationship of diffusion distance and Yb-Yb distance. From 
these data, it is easy to find out that Yb-Yb distance and diffusion distance had an 
almost linear relationship. Here, the increase of Yb-Yb distance actually indicated the 
increase of average distance of Yb-Er at core/shell interface. This result showed that 
the energy transfer between Yb and Er at core/shell interface is linearly proportional 
to the thickness of interface. It further confirmed that the variety of the interface 
thickness would only be due to the energy transfer between Yb and Er but not inter-
diffusion.  
3.6 Summary 
NaYF4:Yb,Er nanoparticles with a particle size of 11.1 ± 1.3 nm were 
synthesized by thermal decomposition method. The NaYF4:Yb,Er / NaYF4 (core/shell) 
nanoparticles by the same synthesis method showed that an undoped NaYF4 shell 
significantly enhanced the emission intensity by 15 times, and the critical shell 
thickness was ∼ 3 nm.  
UC nanoparticles with several different core/shell structures were synthesized 
to further understand the function of undoped shell and the implication of the 3 nm 
critical shell thickness. The results showed that Er ions at surface can significantly 
quench the UC emission, but Yb ions at surface may not induce UC quenching. The 
Er ions showed concentration-dependent quenching at the surface. They also served 
as a bridge transferring energy from inner emitters to high phonon energy 
environment, increasing non-radiative transitions and decreasing emission of UC. 
There appeared a critical Er-Er distance, ~ 2.3 nm, for preventing emission quenching 
by energy transfer between Er dopants.  
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The diffusion of Yb and Er dopants in core/shell structure and the energy 
transfer distance between Yb and Er were studied. From both thermodynamic and 
kinetic aspects, Er dopant in NaYF4 host should be stable, which means Er can be 
uniformly doped in the host without serious segregation tendency. However, Yb 
dopant in NaYF4 host was both thermodynamically and kinetically unstable. Yb 
atoms tend to segregate at the surface of nanoparticles due to its low surface energy 
and high diffusion rate. The experimental results showed that the inter-diffusion 
between Yb (shell) and Er (core) was not observed. The distance for effective energy 
transfer between Yb and Er was less than 0.5 nm. 
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Chapter 4 Synthesis of silica coated UC nanoparticles 
In this chapter, silica coated UC nanoparticles were synthesized by a reverse 
micro-emulsion method to transform their surface from hydrophobic to hydrophilic. 
These nanoparticles were further surface modified by amino group and PEG for bio-
application. The functions of silica shell and undoped NaYF4 shell were compared in 
detail. 
4.1 Experimental method 
NaYF4:Yb,Er nanoparticles (200 µL) in oleylamine solution (synthesized in 
section 3.1) were mixed with ethanol (3 mL). The nanoparticles were then collected 
by centrifugation and re-dispersion in 2 mL cyclohexane for later use. 
For silica coated UC nanoparticles, surfactants of polyoxyethylene (5) 
nonylphenylether (NP-5) (1.8 mL, 4.1 µmol) and 1-hexanol (1.0 mL, 8 µmol) were 
dispersed in cyclohexane (7 mL, 65 µmol) by mechanical stirring. The solution of 
NaYF4:Yb,Er nanoparticles in cyclohexane (200 μL) from the last step was added. 
The resulting mixture was stirred, and ammonium hydroxide (50 μL, 28%, 1.3 µmol) 
was added to form a transparent reverse micro-emulsion. Finally, tetraethyl 
orthosilicate (TEOS) (3 μL, 13 nmol) was added, and the reaction was continued for 
24 h. The NaYF4:Yb,Er / silica (core/shell) nanoparticles were collected by 
centrifuging, washed and redispersed in acetone for three times and in ethanol for 
three times. NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) nanoparticles were 
synthesized by the same procedure. 
For amino functionalized silica coated UC nanoparticles, after 24 h reaction of 
silica coating, 0.01 μL of 3-Aminopropyltriethoxysilane (APTS) was added into the 
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solution and the reaction was continued for another 12 h. The resultant amino 
functionalized NaYF4:Yb,Er / silica (core/shell) nanoparticles were collected by 
centrifuging, washed and redispersed in ethanol for three times. 
For PEGylated silica coated UC nanoparticles, after 24 h reaction of silica 
coating, 2 mg of mPEG-silane (Mw ∼5000) in 1 mL ethanol was added into the 
solution and the reaction was continued for another 12 h. The resultant NaYF4:Yb,Er / 
silica-PEG (core/shell) nanoparticles were collected by centrifuging, washed and 
redispersed in ethanol for three times. 
The chemical structures of the reactants are shown as below. 
NP-5 is also known as Igepal CO-520.           
1-hexanol                                                          
Cyclohexane                                                                  
TEOS                                                                     
APTS                                                                   
mPEG-silane                                            
In this chapter, NaYF4:Yb,Er / silica (core/shell), amino functionalized and 
PEGylated silica coated UC nanoparticles were denoted as UC/silica, UC/silica-amino 
and UC/silica-PEG respectively. 
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4.2 Silica coated UC nanoparticles 
4.2.1 Characterization 
Figure 4.1a presents the TEM bright field image of UC/silica nanoparticles. 
Figure 4.1a shows the silica coating (light contrast) deposited on NaYF4:Yb,Er 
nanoparticles (dark contrast). The average size was estimated by random 
measurements of ~ 100 particles. The average diameter of the resultant silica coated 
nanoparticles was ~ 25.2 nm ± 5.6 nm (UC core ∼11 nm), indicating the silica shell 
thickness was ~ 8 nm, consistent with that measured from the HRTEM image (Figure 
4.1c). The diffraction pattern of UC/silica nanoparticles (Figure 4.1b) resembled that 
of uncoated NaYF4:Yb,Er nanoparticles. Both the diffraction and HRTEM results 
(Figure 4.1c) confirmed that silica was amorphous. 
 
 
Figure 4.1  (a) TEM image, (b) diffraction patterns and (c) HRTEM image of the 
UC/silica nanoparticles. 
 
To investigate the composition of the silica shell, UC/silica nanoparticles were 
tested by XPS. The atom ratio of Si and O can be calculated from XPS spectrum by 
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integral of the Si 2p and O 1s peak and then divided by their relative sensitivity 
factors respectively. The final result showed that the Si/O ratio of silica is ∼ 1.8 (mol 
ratio). This indicated that the silica shell did not satisfy the stoichiometric ratio for 
SiO2 and should contain many oxygen vacancies.  
Room temperature UC emission spectra of UC/silica and NaYF4:Yb,Er 
nanoparticles using the same particle concentrations under 980nm NIR excitation are 
compared in Figure 4.2. As expected, pure silica did not show any emission. The four 
emission peaks in NaYF4:Yb,Er spectrum did not have any shift after silica coating. 
The emission intensities of UC nanoparticles before and after silica shell coating 
remained the same.  
 













Figure 4.2  Emission spectra of NaYF4:Yb,Er, UC/silica and silica nanoparticles. 
 
4.2.2 Mechanism of reverse micro-emulsion 
In the present study, 1-hexanol and NP-5 were used as surfactants to form 
UC/silica nanoparticles using this reverse micro-emulsion method. Both surfactants 
contain hydrophobic long carbon chain ends and hydrophilic ends of -OH group. The 
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hydrophilic ends of these two surfactants were adsorbed at the aqueous interfaces of 
micro-emulsion droplets, whereas the hydrophobic ends extended into the organic 
solvent to form a stable reverse micro-emulsion system (Figure 4.3, Stage b). 
Subsequently TEOS and NaYF4:Yb,Er nanoparticles were encapsulated inside the 
droplets (Figure 4.3, Stage c). In this step, how the hydrophobic NaYF4:Yb,Er 
nanoparticles were introduced into the aqueous droplets was the key issue for reverse 
micro-emulsion reaction. Finally, TEOS was hydrolyzed to form silica coating on the 
NaYF4:Yb,Er nanoparticles (Figure 4.3, Stage d).  
 
 
Figure 4.3  A schematic diagram of deposition of silica coating on hydrophobic 
NaYF4:Yb,Er nanoparticles by a reverse micro-emulsion method. Stage (a): 
oleylamine coated NaYF4:Yb,Er nanoparticles, NP-5 and 1-hexanol dispersed in 
cyclohexane. Stage (b): micro-emulsion formed by the two surfactants after adding 
water. Stage (c): NaYF4:Yb,Er nanoparticles and TEOS in micro-emulsion. Stage (d): 
UC/silica nanoparticles formed by hydrolysis of TEOS. 
 
Reverse micro-emulsion involving NP-5 surfactant was also used to deposit 
silica coating on CdSe QDs capped with hydrophobic oleic acid.128 Through 
measurement on the emission intensity at each reaction step, it was concluded that 
NP-5 and TEOS would replace the oleic acid on QDs, followed by TEOS 
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hydrolyzation.128 The degree of replacement was strongly related to the binding 
energies of different surfactants with QDs. 
Our results showed that the use of two surfactants, 1-hexanol and NP-5, was 
essential to form well disperse thin silica coated NaYF4:Yb,Er nanoparticles in this 
reverse micro-emulsion method. For a single surfactant NP-5, the long chains of the 
molecules render the structure of the micro-emulsion rather rigid. The lack of 
sufficient inter-micellar interactions did not favour the formation of smaller droplets. 
The hydrolysis of TEOS inside these rigid micro-emulsions led to formation of thick 
silica coating. When the micro-emulsions were formed using dual surfactants, the 
droplet structure was modified with 1-hexanol surfactant with a shorter carbon chain 
length. The 1-hexanol molecules decreased the interfacial rigidity of the micro-
emulsion droplets, resulting in a more fluid interface that favoured the inter-micellar 
exchange.128, 129 Such inter-micellar exchange promoted the formation of smaller 
droplets. Smaller droplets would result in less TEOS within each one, and subsequent 
deposition of thinner silica coating on the UC nanoparticles. Our results were 
consistent with one other work using two surfactants (polyoxyethylene octyl phenyl 
ether and 1-hexanol) to produce smaller silica nanoparticles doped with organic 
dyes.130  
4.2.3 Energy band gap of silica shell 
To understand more about the optical properties of the silica shell, UV-vis 
absorption spectra of pure silica nanoparticles synthesized by same reverse micro-
emulsion method was performed in Figure 4.4a. An absorption peak occurred at ~ 300 
nm (~ 4.1 eV). This absorption peak was due to the energy band gap of silica. The 
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accurate optical transition energy band (Eopt) of silica can be determined by the Tauc 
equation131 from UV-vis absorption spectra. 
αhυ=B(hυ-Eopt)n     
This is the expression of the Tauc equation to obtain Eopt by measurements of 
optical absorption coefficient α versus incoming photo energy hυ. The parameter B is 
a constant. The index n is equal to 1/2 for direct allowed band gap transition materials; 
3/2 for direct forbidden; 2 for amorphous or indirect allowed, and 3 for indirect 
forbidden band gap transition materials.131 Here, silica shell is amorphous, thus the 
optical energy band of silica nanoparticles can be calculated at n=2.132 After 
conversion of Taunc equation, Eopt can be calculated by (αhυ)1/2=constant(hυ-Eopt). 
 
 
Figure 4.4  (a) UV-vis absorption spectra and (b) spectra conversion by Taunc 
equation of silica nanoparticles. 
 
Figure 4.4b shows the UV-vis spectra after conversion by Taunc equation. 
From this spectrum, a tangent line can be drawn from the left side of peak in the curve. 
Then the energy band gap of silica can be calculated from the intercept of this tangent 
line on x axis. The band gap of silica nanoparticles is 3.60 eV (344 nm). This result 
indicated that silica is transparent for photons with wavelength larger than 344 nm. 
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Thus this silica shell did not absorb either visible emission from UC or NIR excitation, 
which was consistent with previous emission results.  
4.3 Amino functionalized silica coated UC nanoparticles 
For bio-imaging, uniform and thin silica coatings of UC nanoparticles are not 
sufficient. Surface functional groups such as amino or carboxylic moities are needed. 
Figure 4.5 shows the schematic diagram of the reaction process of amino 
functionalization of silica coated UC nanoparticles.  
 
 
Figure 4.5  A schematic diagram of the reaction process of functionalization of silica 
coated UC nanoparticles. 
 
Figure 4.6 shows the FTIR spectra of UC nanoparticles, pure silica 
nanoparticles, UC/silica nanoparticles and UC/silica-amino nanoparticles. Silica 
nanoparticles as control were synthesized by the same method without adding the UC 
nanoparticles. According to the spectrum of UC nanoparticles, the absorption bands at 
2926 and 2855 cm-1 were attributed to the vibration modes of -CH2- group. These -
CH2- absorption bands indicated the presence of surfactant (oleylamine) on the 
surface of UC nanoparticles prior to the deposition of silica coating. The absorption 
bands at 1047 and 1086 cm-1 of silica nanoparticles spectrum were attributed to the 
Si-O-Si stretching vibration modes of silica.51 The absorption band of 3439 cm-1 was 
attributed to the hydroxyl group. The presence of Si-O-Si and hydroxyl group 
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indicated the successful coating of silica. Meanwhile, the reduced -CH2- absorption 
bands (2926 and 2855 cm-1) would suggest that part of surfactant oleylamine left the 
surface of UC nanoparticles due to the exchange of surfactant oleylamine and TEOS 
during the reverse micro-emulsion reaction.128 After reacting with the amino group, 
the (NH2-) absorption band (3620 cm-1) of the amino functional group emerged in the 
spectrum. 
 


















Figure 4.6  FTIR spectra of NaYF4:Yb,Er, silica, UC/silica and UC/silica-amino 
nanoparticles. 
 
To confirm that the NH2- group was functionalized on the surface of UC/silica 
nanoparticles, Zeta potential measurements were carried out for silica, UC/silica and 
UC/silica-amino nanoparticles (Figure 4.7). The Zeta potential of silica nanoparticles 
and UC/silica nanoparticles were almost the same, as expected from the same silica 
surfaces. The isoelectric point (IEP) of these two samples were approximately at pH = 
5. At pH < 5, the charge of silica surface was positive, indicating that the exposed Si-
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OH group adsorbed an H+ to form a Si-OH2+ group. When pH > 5, the charge of silica 
surface was negative, indicating that the exposed Si-OH group transformed to the Si-
O- group. Furthermore, the absolute value of Zeta potential was larger than 30 mV at 
pH > 7.  





















Figure 4.7  Zeta potential of silica, UC/silica and UC/silica-amino nanoparticles 
dispersed in deionized water as a function of pH. 
 
From Figure 4.7, it can be seen that amino functionalization of UC/silica 
nanoparticles leads to a different behavior. The IEP of amino functionalized UC/silica 
nanoparticles was approximately at pH =10, much higher than that of silica surface (at 
pH = 5). This confirmed that NH2- group was linked on the surface of UC/silica 
nanoparticles. The Zeta potential of UC/silica-amino nanoparticles became positive 
when pH < 10, indicating that the exposed NH2- group transformed to an NH3+ group. 
The Zeta potential was more than 25 mV at pH < 7 and reached a maximum of 49 mV 
at pH = 4. The Zeta potential data showed that UC/silica nanoparticles were 
negatively charged, whereas amino (NH2-) functionalized UC/silica nanoparticles 
were positively charged in deionized water at pH ~ 7, which is the pH value normally 
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used in bio-applications. It is clear that the amino group introduced by APTS was 
linked on the surface of UC/silica nanoparticles. 
Figure 4.8 shows the emission results of UC/silica nanoparticles after 
functionalization by amino group. The intensity of emission spectrum did not change 
after surface functionalization. Silica shell (~8 nm in this work) acted as an effective 
barrier to interactions between UC nanoparticles and their high phonon energy 
environment to prevent quenching. The dispersion and stability of these nanoparticles 
will be studied in the following section.  
 













Figure 4.8  Emission spectra of UC/silica and UC/silica-amino nanoparticles. 
 
4.4 PEGylation of silica coated UC nanoparticles 
For bio-imaging, dispersed UC nanoparticles are desired. The dispersed 
UC/silica nanoparticles became aggregated after being dispersed in aqueous solution 
caused by the cross-linking of Si-O-Si derived from dehydration reaction of the Si-
OH group on the silica surfaces. For surface functionalization with the amino group, 
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the aggregation was more serious due to the cross-link of APTMS to the silica 
surfaces.133 Amino functionalization of organic dye doped silica had been reported.134 
From their results, the TEM data showed that the silica nanoparticles were severely 
aggregated after amino functionalization. The aggregation defeats the advantages of 
using dispersed nanoparticles with high surface area for target selectivity. To avoid 
the aggregation, PEGylated UC/silica nanoparticles (denoted as UC/silica-PEG) were 
synthesized through silane coupling reaction with 2 mg of mPEG-silane (Mw ∼5000). 
Figure 4.9 shows the schematic diagram of the reaction process of PEGylation of 
silica coated UC nanoparticles. 
 
 
Figure 4.9 A schematic diagram of the reaction process of PEGylation of silica coated 
UC nanoparticles. 
 
Figure 4.10 shows the TGA curve of UC/silica-PEG nanoparticles to verify 
the present of PEG. UC/silica and pure PEG are shown as control samples. The 
thermal analysis conducted under air flow with temperature rise from 30 to 600 °C at 
heating rate of 20 °C/min. The weight loss of UC/silica and PEG were 5% and 100% 
at 600 °C respectively. The 5% weight loss of UC/silica was due to the loss of water 
molecules adsorbed on the silica surface and the hydroxyl groups. UC/silica-PEG lost 
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21% of its weight from 200 °C to 500 °C. After 500 °C, weight loss stopped 
indicating PEG had totally decomposed which was also agreed with pure PEG curve.  



















Figure 4.10  TGA curves of UC/silica, PEG and UC/silica-PEG. 
 
To confirm PEG attached on UC/silica, FTIR spectra of UC/silica-PEG before 
and after TGA were shown in Figure 4.11. Compared with PEG and UC/silica, 
UC/silica-PEG showed both -CH2- and -CH2-CH2- absorption bands and -Si-O- 
absorption bands which indicated PEG was successfully attached on the silica. From 
the spectra, UC/silica had a strong -OH peak while this -OH peak decreased for 
UC/silica-PEG since part of its hydroxyl group was replaced by PEG molecular. In 
previous TGA curve (Figure 4.10), PEG molecular was totally decomposed at 600 °C. 
The UC/silica-PEG and UC/silica after TGA in Figure 4.11 showed that only -Si-O- 

























Figure 4.11 FTIR spectra of PEG, UC/silica and UC/silica-PEG before and after TGA. 
 
To further confirm that the PEG molecular was attached on the surface of 
UC/silica nanoparticles but not trapped inside silica, Zeta potential measurements 
were carried out for UC/silica-PEG. From Figure 4.12, the trends of Zeta potential of 
UC/silica-PEG and UC/silica were totally different. The Zeta potentials of UC/silica-
PEG were negative from pH = 2 to 11; on the other hand, potentials of UC/silica were 
negative when pH >5 and positive when pH<5. This result indicated that the surface 
charge of UC/silica had changed after PEGylation. Thus it confirmed that PEG 
molecular was successfully attached on the surface of UC/silica. 
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Figure 4.12  Zeta potential of UC/silica and UC/silica-PEG as a function of pH. 
 
The emission intensity of UC/silica-PEG was studied in Figure 4.13. The 
emission intensity did not change after PEGylation, which indicated that the PEG 
molecules did not quench the UC nanoparticles. 












Figure 4.13  Emission intensity of UC/silica and UC/silica-PEG. 
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To control the coverage rate of PEG on silica surface and optimize the amount 
of mPEG-silane used in this PEGylation process, the amount of mPEG-silane in this 
reaction were varied (0.5 mg, 1 mg, 2 mg and 4 mg). The TGA measurement could 
confirm the quantity of PEG molecular attached on the surface of silica. In Figure 
4.14, TGA curves of these different amounts of PEG modified samples showed three 
weight decreasing areas, i.e. 30-150 °C, 200-375 °C and 375-500 °C. The first region 
was due to the release of the adsorbed water on the surface. The second part was 
associated with the decomposition of part of PEG molecules and the third part was 
attributed to the thermal cracking of the residual organic molecules.135  
 





















Figure 4.14  TGA curves of UC/silica-PEG with different PEG amount (0.5 mg, 1mg, 
2 mg and 4 mg). 
 
From the curves, the weight loss increased with the amount of mPEG-silane 
used in the samples increase which indicated more PEG molecules were attached on 
the surface of silica. Note that 4 mg sample and 2 mg sample had almost the same 
weight loss at 600 °C, which may indicate that the PEG attachment reached saturation 
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after 2 mg. Assuming 2 mg and 4 mg samples as 100% PEG coverage on silica 
surface, the coverage rate of 0.5 mg and 1 mg samples can be calculated as 67% and 
83% through the weight loss, respectively. Since the UC/silica-PEG samples need to 
further link to bio-molecules for bio application, part of silica surface need to be 
vacated for further functionalization by amino or other group. Therefore, 1 mg PEG 
modified sample were used for further study.  
To demonstrate PEG and amino bi-functionalized UC nanoparticles, 
UC/silica-PEG (1 mg) was further functionalized by amino group. Figure 4.15 shows 
that PEG and amino bi-functionalized UC/silica had both PEG (1357 and 1471 cm-1) 
feature and amino feature (3260 cm-1) compared with UC/silica-PEG and UC/silica-
amino as control samples. This result proves that the UC/silica-PEG (1 mg) can be 
further functionalized by amino group for bio-application. The dispersion and stability 
of PEGylated nanoparticles will be studied and compared with UC/silica-amino in the 
following section. 


















4.5 Comparison of undoped NaYF4 and silica shell  
From the previous section, undoped NaYF4 shells (section 3.3) and silica 
shells (section 4.2) have been coated on the UC nanoparticles respectively for 
different purposes. In this section, the effect of these two shells on the emission of UC 
nanoparticles will be compared from different aspects.  
The common fact of the emission of UC nanoparticles after depositing 
undoped NaYF4 (Figure 3.3) and silica shells (Figure 4.2) is that the emission peak 
positions did not show any observable shift; indicating that the energy gap of Er3+ 
remained the same. On the other hand, the emission intensities of these two samples 
showed a huge difference. The silica shell did not affect the emission of NaYF4:Yb,Er 
nanoparticles (Figure 4.2); whereas the undoped NaYF4 shell significantly increased 
the emission of these nanoparticles by 15 times (Figure 3.9). Effective phonon 
energies of amorphous silica41 and hcp NaYF4136 are 500 and 400 cm-1 respectively. 
The difference in effective phonon energy between silica and hcp NaYF4 may be 
ignored, since the energy gap of Er3+ of 2H11/2 to 4S3/2 transition (for green light) is 
18315 cm-1. The difference in UC emission due to a single silica shell and a single 
NaYF4 shell therefore could not be explained in terms of their similar phonon 
energies. 
The lattice parameters of hcp NaYF4:Yb,Er (a: 5.96 Å and c: 3.51 Å, (JCPDS), 
file number PDF 28-1192) and the hcp NaYF4 (a: 5.96 Å and c: 3.53 Å, JCPDS file 
number PDF 16-334) is 0.5 %. Our experimental results of doped core and undoped 
shell actually showed no difference in their lattice parameters. It is therefore 
reasonable to expect that the undoped shell would epitaxially grow on the doped UC 
core, and the shell would provide a complementary crystal field to the surface Ln3+ 
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sensitizer and activator ions. Similarly, if amorphous silica had sufficiently interacted 
with the surface atoms of the UC core, it would also provide a complementary crystal 
field to the surface Ln3+ cations (though it should be different from that of NaYF4 
shell). The difference in emission intensities between the undoped NaYF4 shell and 
silica shell therefore suggested that the as-deposited silica shell did not provide a 
complementary crystal field like NaYF4 shell did. The FTIR results of UC/silica 
showed a trace of oleylamine (-CH2-, 2926 and 2855 cm-1, Figure 4.6). The Zeta 
potential results showed that the UC/silica particles behaved as if it had a hydrophilic 
surface as in the case of pure silica (Figure 4.7). This ruled out the possibility that the 
oleylamine was on the surface of silica. It is therefore suggested that trace amount of 
oleylamine was possibly trapped between the UC core and the silica shell. 
Previous work20 has shown that the ∼1.3 nm NaYF4 shell increased the total 
emission intensity of UC nanoparticles by ~7.4 times (size of NaYF4:Yb,Er ~8.5 nm). 
For bio-imaging, this hydrophobic core/shell nanoparticles were rendered hydrophilic 
by coating with modified poly(acrylic acid) (PAA), which became easily dispersed in 
polar solvents like ethanol and water. However, after PAA coating the emission 
intensity of core/shell/PAA nanoparticles decreased to ∼ 57% of that of the core/shell 
nanoparticles. The decrease in UC emission after PAA coating may be explained by 
the insufficient NaYF4 shell thickness to prevent the undesirable non-radiative 
relaxation. Note that from UV-vis spectra of PAA, the decrease of UC emission 
intensity in core/shell/PAA could not be attributed to absorption of either NIR or 
emitted green and red photons by PAA.20  
In this study, though silica shell could not enhance the emission intensity of 
UC nanoparticles, it still was an effective barrier to interactions between UC 
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nanoparticle and its environment (i.e. amino group and PEG) to prevent the decrease 
of the emission intensity. 
4.6 NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) nanoparticles 
For bio application, UC nanoparticles with both high emission intensity and 
surface functionalization are required. To meet these criteria, the NaYF4:Yb,Er / 
NaYF4 / silica (core/shell/shell) nanoparticles were firstly synthesized for bio-
applications.137 Figure 4.16 presents the TEM image of silica coated NaYF4:Yb,Er / 
NaYF4 (core/shell/shell) nanoparticles (denoted as UC/shell/silica). The average 
diameter of the nanoparticles was 31 ± 6 nm and the silica shell was ~ 8 nm thick.  
 
 
Figure 4.16  TEM image of UC/shell/silica nanoparticles. 
 
Room temperature UC luminescence spectra of UC/shell/silica and UC/shell 
nanoparticles using the same particle concentrations under 980nm NIR excitation are 
compared in Figure 4.17. The figure showed that silica shell coating on UC/shell did 
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not affect its emission intensity which was consistent with the emission result of silica 
coated UC nanoparticles.  
 












Figure 4.17  Emission intensity of UC/shell and UC/shell/silica. 
 
4.7 Summary 
Amorphous silica shells, used for functionalization of inorganic nanoparticles 
in bio-applications, were coated on synthesized NaYF4:Yb,Er UC nanoparticles via a 
reverse micro-emulsion method using dual surfactants of NP-5 and 1-hexanol, and 
TEOS as precursor. NaYF4:Yb,Er / silica (core/shell) nanoparticles with 8 nm thick of 
silica shell were well dispersed in solvents such as ethanol and deionized water. The 
emission intensities of NaYF4:Yb,Er / silica (core/shell) nanoparticles remained the 
same as that of uncoated nanoparticles after surface functionalization with an amino 
group using APTS and PEGylation by mPEG-silane.  
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Silica, though providing a good barrier to prevent the interaction between 
environment and UC nanoparticles, did not enhance the emission intensity of UC 
nanoparticles. To increase the emission intensity of NaYF4:Yb,Er / silica (core/shell) 
nanoparticles, an undoped NaYF4 shell (~3 nm thick) was deposited on the UC 
nanoparticles prior to the silica coating. The double shell structure of NaYF4:Yb,Er / 
NaYF4 / silica (core/shell/shell) showed that the enhancement was retained after the 
addition of the outer silica shell. The use of double shell structure provided a better 





Chapter 5 Gold decorated UC/shell/silica nanocomposites 
In this chapter, a modified reverse micro-emulsion method was used to 
synthesize Au decorated silica shell coating on the NaYF4:Yb,Er / NaYF4 (core/shell) 
nanoparticles.79 This method does not require the transformation of the hydrophobic 
UC nanoparticles to hydrophilic nature, nor does it require the surface modification of 
silica shell for Au decoration. The UC luminescence properties of Au decorated 
UC/shell/silica nanocomposites were studied through both experiment and simulation. 
5.1 Experimental method 
NaYF4:Yb,Er / NaYF4 (core/shell) nanoparticles (200 µL) in oleylamine 
solution (synthesized in section 3.1) were mixed with ethanol (3 mL). The 
nanoparticles were then collected by centrifugation and re-dispersion in 2 mL 
cyclohexane for later use. 
Gold decorated UC/shell/silica nanocomposites were synthesized by a reverse 
micro-emulsion method. NP-5 (1.8 mL) and 1-hexanol (1.0 mL) were dispersed in 
cyclohexane (7 mL) by mechanical stirring. A solution of NaYF4:Yb,Er / NaYF4 
(core/shell) nanoparticles in cyclohexane (200 μL) was added. The resulting mixture 
was stirred, and ammonium hydroxide (50 μL, 28%) was added to form a transparent 
reverse micro-emulsion. TEOS (3 μL) was added and the reaction was continued for 
14 h. Then a solution of HAuCl4 in deionized water (50 μL, 20mmol/L) was added 
dropwise to maintain the transparency of solution and stirred for 12 h. Finally, a 
solution of NaBH4 in deionized water (20 μL, 4 mg/mL) was added and the reaction 
was continued for 12 h. The final solution was transparent with a light pink color. The 
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Au decorated silica shell coated NaYF4:Yb,Er / NaYF4 (core/shell) nanocomposites 
were collected by centrifuging, washed, and redispersed in deionized water.  
In this chapter, the following notations are used for easy reference: Au 
decorated NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) are denoted as 
UC/shell/Au-silica nanocomposites. NaYF4:Yb,Er / NaYF4 / silica (core/shell/shell) 
and Au decorated NaYF4/silica (undoped core/shell) are used as controls and are 
denoted as UC/shell/silica nanoparticles and Au-silica nanocomposites, respectively. 
Note that in the Au-silica nanocomposites, the core consisted of NaYF4 that was not 
doped with Yb and Er ions and would not yield any UC properties. 
5.2 Synthesis of UC/shell/Au-silica nanocomposites 
5.2.1 Characterization 
Figure 5.1 presents the TEM bright field image of UC/shell/Au-silica 
nanocomposites with an average size of ∼ 70-80 nm. The selected-area electron 
diffraction pattern showed polycrystalline Au diffraction rings of randomly oriented 
particles (Figure 5.1a, inset). The NaYF4:Yb,Er diffraction rings could not be 
observed due to its lower brightness compared with that of Au nanoparticles. The 
edge of UC/shell/Au-silica nanocomposites were darker than the center (Figure 5.1a), 
confirming the decoration of Au nanoparticles on silica surfaces. Figure 5.1b shows a 
higher magnification of the TEM image of a UC/shell/Au-silica nanocomposite. The 
silica surface (light contrast) was rather uniformly decorated with ∼6 nm Au 
nanoparticles (dark contrast). High-resolution TEM image (Figure 5.1b, inset) showed 




Figure 5.1  TEM images (a and b) and HR-TEM (inset of b) of UC/shell/Au-silica 
nanocomposites with the interval time of 14 h. Diffraction patterns (inset of a) of 
UC/shell/Au-silica nanocomposites. 
 
The surface of UC/shell/Au-silica was investigated by XPS. The Au 4d 
spectrum of the sample is shown in Figure 5.2. The binding energies of the doublet 
for Au 4d5/2 (335.3 eV) and Au 4d3/2 (353.2 eV) are characteristic of metallic Au.138 
Only metallic Au was detected by XPS in the surface of UC/shell/Au-silica, 
consistent with the results of electron diffraction pattern. 
 



















Au 4d3/2 Au 4d5/2
 
Figure 5.2  XPS spectrum of Au 4d level for UC/shell/Au-silica nanocomposites. 
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To confirm the Au nanoparticles decorated on the surface of silica shell, Zeta 
potential of UC/shell/Au-silica nanocomposites were measured. Figure 5.3 shows that 
UC/shell/Au-silica and UC/shell/silica (as control) presented different trends 
indicating that the surface of silica shell had changed. In neutral water (pH ~ 7), 
UC/shell/Au-silica had more negative potential than UC/shell/silica and IEP shifted to 
lower pH due to the surface of Au nanoparticles. Highly negative Zeta potentials of 
nanocomposites in neutral water suggested a good stability of nanocomposites. 





















Figure 5.3  Zeta potential of UC/shell/silica and UC/shell/Au-silica dispersed in 
deionized water as a function of pH. 
 
5.2.2 Mechanism of reverse micro-emulsion 
In the reverse micro-emulsion reaction process, 1-hexanol and NP-5 as 
surfactants and ammonia as aqueous phase were first added in cyclohexane to form a 
water-in-oil reverse micro-emulsion system. Then, UC nanoparticles and TEOS as 
silica precursor were added and encapsulated into the aqueous droplets. TEOS was 
quickly hydrolyzed from (CH3CH2O)4Si to (HO)4Si in the droplets within 2 h.40 After 
∼20 h, hydrolyzed (HO)4Si gradually condensed to a Si-O network and finally formed 
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Figure 5.4  A schematic diagram of deposition of gold deposited silica shell on 
hydrophobic UC nanoparticles by a reverse micro-emulsion method. 
 
In this work, to form Au decorated silica shell, the HAuCl4 aqueous precursor 
solution was added to the reaction system after the TEOS addition (Figure 5.4). To get 
a better understanding on the reaction process, different adding times and volumes of 
the Au precursor solution were investigated. The Au precursor solution consisted of 
HAuCl4 and water. HAuCl4 was reduced by NaBH4 and formed Au nanoparticles. 
Water was used as a medium to introduce HAuCl4 into the reaction and it also served 
as an additional aqueous phase to enlarge the water droplet in the original micro-
emulsions.  
The optimum amount of Au precursor solution was found to be 50 μL (20 
mmol/L). When the volume of Au precursor solution exceeded 70 μL, the solution 
became opaque even though the Au precursor was slowly added. This indicated the 
86 
total destruction of the water-in-oil reverse micro-emulsion due to adding an 
adversely large amount of aqueous phase. If the volume of Au precursor solution was 
too small (< 20 μL), in order to maintain the same quantity of HAuCl4 (1 µmol) to 
decorate the surface of silica shell with Au, the concentration of HAuCl4 solution was 
too high (> 50 mmol/L) for the reaction. It first led to formation of yellow precipitates 
followed by the dark red Au precipitates. In this case, the silica shell was not 
successfully decorated with Au. Our results showed that the optimum volume of 
adding Au precursor was 50 μL (20 mmol/L) in order to maintain the transparency of 
solution.  
The interval time between TEOS and addition of Au precursor solution was 
also studied. Figure 5.1 shows the sample with the optimum interval time of 14 h. In 
this process, ~14 h after adding the TEOS, the hydrolyzed TEOS gradually condensed 
and formed silica coating on UC/shell nanoparticles in aqueous droplets. The Au 
precursor solution was then added. The Au precursor solution could mix in original 
aqueous droplets that contained silica coated UC/shell nanoparticles, thus enlarging 
the droplets to form a larger water-in-oil equilibrium system. Thus, the UC/shell/Au-
silica nanocomposites (∼70 nm) in this study were larger than our previous 
UC/shell/silica nanoparticles (∼30 nm) without Au decoration (section 4.6). Finally, 
NaBH4 was added to reduce the Au precursor to metallic Au nanoparticles on the 
surface of silica shell. In this process, all the reactions were confined in the aqueous 
droplets and Au nanoparticles could therefore be deposited on the silica surface 
without other surface functionalization. 
To understand how the addition time of Au precursor solution influenced the 
structure of Au decorated silica shell, the interval times between adding TEOS and Au 
precursors (50 μL, 20 mmol/L) were chosen to be 7 h and 21 h. The TEM images of 
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these two samples are shown in Figure 5.5a and b, respectively. If Au had been 
decorated on the surface of silica, a periphery of dark contrast of the nanoparticles 
should be expected, as seen in Figure 5.5a. In Figure 5.5a, Au did not form a dark 
periphery on the surface of silica shell when the interval time was 7 h, suggesting that 
Au could be deposited within the silica. This indicated that Au precursor was added 
too early even before TEOS condensed to form silica shell on the UC/shell 
nanoparticles. From HRTEM (Figure 5.5a, inset), dispersed Au colloids (< 1 nm) 
were observed which did not form a dark periphery on the silica surface.  
 
  
Figure 5.5  TEM images and HRTEM (inset) of UC/shell/Au-silica nanocomposites 
on different Au precursor adding time. The interval time between TEOS and Au 
precursor addition 7 h (a) and 21 h (b). The equivalent images for 14 h interval time 
are given in Figure 5.1. 
 
When the interval time between adding TEOS and the Au precursor solution 
was 21 h, all UC/shell nanoparticles were coated by silica shell as shown in Figure 
5.5b. Within this time TEOS almost completed condensing to form silica shell on 
UC/shell nanoparticles. Some Au nanoparticles (∼ 8-10 nm) were attached on the 
surface of silica shell. HRTEM (Figure 5.5b, inset) shows that Au nanoparticles were 
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not uniformly deposited, and single large Au nanoparticle was found to attach on the 
surface of silica shell.  
These results showed the effects of time interval between adding TEOS and 
Au precursor solution on the microstructures of Au. A shorter time (7 h) resulted in 
Au embedding within the silica. Longer time (14 h) resulted in Au (~ 6 nm) 
decoration of silica surface whereas even longer time (21 h) would not lead to 
uniform coverage of silica surface by Au. 
5.3 UC properties of UC/shell/Au-silica nanocomposites 
Figure 5.6a shows the UV-vis absorption spectra of UC/shell, UC/shell/silica, 
Au-silica and UC/shell/Au-silica nanoparticles. The absorption curves of UC/shell 
and UC/shell/silica nanoparticles were flat at the visible light region. Au-silica and 
UC/shell/Au-silica had a hump between 500 and 560 nm due to the localized surface 
plasmon of nanosize Au particles (<20 nm).139 The room temperature UC 
luminescence spectra of UC/shell/silica, Au-silica and UC/shell/Au-silica using the 
same particle concentrations under 980 nm NIR excitation are compared in Figure 
5.6b. Au-silica nanoparticles showed no emission at visible light region under 980 nm 
excitation as expected from the undoped NaYF4 core without upconversion capability 
in this control sample. The total emission intensity of UC/shell/silica nanoparticles 
decreased by 52% with the Au decorated silica shell coating (the decrease of blue, 
green and red emissions were 46%, 58% and 43%, respectively). Figure 5.6c and d 
show the images under room light condition and under 980 nm excitation of UC/shell 
(in hexane), UC/shell/silica (in water), Au-silica (in water) and UC/shell/Au-silica (in 
water), respectively. After Au decoration, the color of solution was light pink under 
room light condition. The green emission of UC/shell/silica nanoparticles under the 
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980 nm laser excitation became weaker after Au decoration. In the previous chapter, it 
was shown that the emission intensity of UC/shell nanoparticles did not change after 
silica shell coating and the ∼3 nm undoped NaYF4 shell on NaYF4:Yb,Er 
nanoparticles was sufficient to protect them from quenching. The total emission 
decrease of UC/shell/silica nanoparticles after Au decoration was therefore only due 
to the Au nanoparticles. 
 
 
                  
Figure 5.6  (a) UV-vis absorption spectra of UC/shell, UC/shell/silica, Au-silica and 
UC/shell/Au-silica nanoparticles. (b) UC luminescence spectra of UC/shell/silica, Au-
silica and UC/shell/Au-silica nanoparticles at the same concentrations under 980 nm 
excitation. The arrows indicate the relative decrease of emission after the Au 
decoration of UC/shell/silica nanoparticles. Room light image (c) and UC 
luminescence image under 980 nm excitation (d) of UC/shell in hexane, 
UC/shell/silica in water, Au-silica in water and UC/shell/Au-silica in water. 
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The decrease of total emission of UC/shell/Au-silica nanoparticles is 
considered. The skin depth of Au at 980 nm excitation can be calculated by the 
equation δ=1/(ƒµ0µNσπ)1/2.140 In this equation, ƒ is the frequency of electromagnetic 
wave, µ0 is the vacuum permeability, µN is the relative permeability of the metal (∼1) 
and σ is the conductivity of the metal. Here, for 980 nm laser, ƒ is 3×1014 Hz. The 
conductivity of gold is 4.2×107 Ω-1⋅m-1 from reference.141 The skin depth of gold at 
980 nm excitation can be calculated to be 4.5 nm, which is close to the average 
diameter of our synthesized Au nanoparticles (~ 6 nm) on the surface of silica shell.  
The decrease of total UC emission intensity therefore could be due to the 
decrease of NIR light penetrating through the decorated Au to reach the UC 
nanoparticles. In Figure 5.6b, the green emission (522.5 and 541.5 nm) of 
UC/shell/Au-silica nanoparticles decreased by 58%, which was more than the 
decrease in red (655.5 nm) and blue (410 nm) emission decrease (46% and 43%, 
respectively). The position of localized surface plasmon of Au nanoparticles from 
UV-vis absorption (Figure 5.6a) was ~ 500-560 nm. This indicated the absorption of 
the upconverted green emission of the UC nanoparticles by the decorated Au 
nanoparticles in surface plasmon resonance (SPR), which also explained the pink 
solution of the UC/shell/Au-silica and Au-silica solution in Figure 5.6c. My observed 
decreased emission of UC was consisted with that reported for the 180 nm 
NaYF4:Yb,Tm nanoparticles coated with the Au shells.100 
5.4 Dependence of UC emission on gold concentration 
To further understand the function of Au on UC emission, gold concentration 
dependence on the UC emission intensity of UC/shell/Au-silica nanocomposites was 
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investigated with four different Au concentrations (0.1, 0.5, 1 and 1.5 µmol) and 
denoted as Au 0.1, Au 0.5, Au 1 and Au 1.5, respectively. In this section, the 
UC/shell/Au-silica nanocomposites with Au concentration of 1 µmol (Au 1) as 
standard sample will be compared with other Au concentration samples. 
The images of these nanocomposites under room light condition and under 
NIR excitation are compared in Figure 5.7. The pink colour (under room light) of 
UC/shell/Au-silica nanocomposites became darker, at the same time the green light 
(under NIR excitation) became less intense with the concentration of Au increase on 
the samples. This confirmed that more Au nanoparticles were generated with the 
increase of the concentration of Au precursor. 
 
 
Figure 5.7  Comparison of images of nanocomposites with the increase of gold 
concentration, under room light and NIR excitation. 
 
UV-vis absorption spectra of UC/shell/Au-silica nanocomposites with 
different Au concentrations were measured. Figure 5.8 showed the absorption peak of 
Au nanoparticles located at ~ 530 nm and the increased intensity of the absorption 
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peak as a result of the increase of Au concentration. This again indicated that more Au 
nanoparticles were obtained with increasing Au precursor, as expected. 
 





















Figure 5.8  UV-vis absorption spectra of nanocomposites with different gold 
concentrations. 
 
Figure 5.9a shows the normalized total emission intensity of UC/shell/Au-
silica nanocomposites. The total emission intensity of nanocomposites decreased with 
increasing Au concentration. The decrease in emission intensity was due to the 
scattering effect of Au nanoparticles as well as to light absorption by Au nanoparticles 
through light (green)-SPR coupling. From Figure 5.9b, the green-to-red ratio of the 
samples decreased with increasing Au. This indicated that green emission decreased 
faster than red emission. The higher decrease rate in green emission intensity 
suggested an efficient coupling between green emission from nanocomposites and 
SPR of Au nanoparticles.  
From the results of the different concentrations of Au decorated UC/shell/Au-
silica nanocomposites, it can be confirmed that the decrease of total UC emission 
intensity was due to i) the decrease of NIR light penetrating through the decorated Au 
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to reach the UC nanoparticles and, ii) the part of the upconverted green emission of 
the UC nanoparticles was absorbed by the decorated Au nanoparticles in surface 
plasmon resonance (SPR). This effective green emission and SPR coupling can be 
used to generate strong localized heat for photothermal therapy of cancer cells. In the 
next chapter, the dispersion and stability as well as photothermal therapy of the 
UC/shell/Au-silica will be discussed. 
 
 
Figure 5.9  (a) Normalized total emission intensity and (b) Green/Red emission ratio 
of UC/shell/Au-silica nanocomposites with different Au concentrations. 
 
5.5 Calculated extinction properties of UC/shell/Au-silica  
The optical properties of UC/shell/Au-silica were simulated by CST 
microwave studio suite 2011 frequency domain solver based on the finite element 
method (FEM) in this section. The setting condition is shown as the following. The 
background setting was water and the refractive index of water is 1.33. The refractive 
index of silica and NaYF4 used in the simulation is 1.55 and 1.54, respectively.142 
Drude model was used as the refractive index of Au nanoparticles.143 The input source 
was a Gaussian modulated continuous plane wave with the linear polarization along Y 
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axis and propagation along Z axis. The boundary condition for X and Y axis was 
periodic and the Z axis was open.  
5.5.1 Simulation of single Au nanoparticles 
The extinction spectrum of a single Au nanoparticle with different particle size 
(6, 8, 10, 20 and 100 nm) was first simulated. Figure 5.10 shows the extinction spectra 
of Au nanoparticles with different particle sizes. It clearly showed that there was a 
SPR peak around 500 - 570 nm and the position of the SPR peak was red shifted with 
the increase of the size of Au nanoparticles. The intensity of SPR peak also increased 
with increasing particle size.  
 
























Figure 5.10  Extinction spectra of Au nanoparticles with different particle sizes. 
 
Figure 5.11 shows the extinction, absorption and scattering spectra of 6 nm 
and 100 nm Au nanoparticles as examples. The relationship among these three 
parameters is as follows: the extinction efficiency is equal to the sum of absorption 
and scattering efficiency. Figure 5.11 shows that 6 nm nanoparticles had strong 
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scattering compared with its absorption. On the other hand, 100 nm nanoparticles had 
relatively higher absorption. All these results were consistent with others report144, 145 




Figure 5.11  Extinction, absorption and scattering spectra of 6 nm and 100 nm Au 
nanoparticles. 
 
5.5.2 Simulation of silica and Au shell nanoparticles 
Before simulation of UC/shell/Au-silica nanocomposites, two control nano-
structures (pure silica nanoparticle and Au shell) were simulated first. Figure 5.12 
shows the extinction spectrum of silica nanoparticle with the diameter of 70 nm and 
the extinction, absorption and scattering spectra of Au shell with the thickness of 6 
nm and a silica core with the diameter of 70 nm.  
In Figure 5.12, silica nanoparticles show very weak extinction at visible range 
as expected. The extinction peak of Au nano shell was red shifted from 550 nm (Au 
nanoparticles) to around 870 nm with strong scattering and very weak absorption 
since the SPR peak of Au nanoparticles is very sensitive to their shape and surface. 
This red shift of Au shell is also confirmed by the report of other researchers.144 
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Figure 5.12  Extinction spectrum of silica nanoparticles and extinction, absorption and 
scattering spectrum of Au shell. 
 
5.5.3 Simulation of UC/shell/Au-silica 
The extinction spectra of UC/shell/Au-silica nanocomposites were simulated. 
Figure 5.13a and b show the schematic structure of UC/shell/Au-silica 
nanocomposites in this simulation. Based on the TEM image from UC/shell/Au-silica 
in Figure 5.1, a structure of a 70 nm silica nanoparticles with a 15 nm NaYF4 core in 
the center and 6 nm Au nanoparticles decorated on the surface of silica was set up. 
Totally 145 Au nanoparticles were used to decorate silica surface which means 30% 
of silica surface were covered by Au. Note that the refractive index of silica (1.55) 
and NaYF4 (1.54) in the simulation are almost the same. Thus it would be difficult to 
distinguish NaYF4 and silica from the schematic diagram of the structure of 
UC/shell/Au-silica and the simulated extinction spectra of UC/shell/Au-silica also 
should not be different from Au-silica nanoparticles without NaYF4 core. Figure 
5.13c shows the extinction, absorption and scattering spectrum of UC/shell/Au-silica 
nanocomposites. There was a SPR peak between 500 - 600 nm which broadened 
compared with pure Au nanoparticles in Figure 5.10. This extinction spectrum was 
consistent with our measured UV-vis absorption spectra of UC/shell/Au-silica. From 
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the simulation, the scattering efficiency of this nanocomposite was very strong 
compared with its absorption efficiency. 
 
 
Figure 5.13  (a) Structure and (b) cross section of UC/shell/Au-silica nanocomposites. 
(c) Extinction, absorption and scattering spectrum of UC/shell/Au-silica 
nanocomposites from simulation. 
 
The electric field distribution inside the nanocomposite was also simulated. 
Figure 5.14 presents the electric field distribution of the nanocomposite from the 
center point to the exterior along the Y axis. The strongest E-field was generated at 
the interface of Au nanoparticles and water. The E-field at the interface of Au 
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nanoparticles and silica was also strong and penetrated into silica for ∼ 10 nm. 
Beyond this 10 nm from surface of silica, the interior had no electric field which 
indicated that the electric field generated from Au nanoparticles cannot affect UC 
nanoparticles beyond a certain thickness from the silica/Au interface. Many previous 
studies reported that the interactions between fluorescent emitters and metal particles 
include quenching and increase the fluorescence.99, 146 The effects were sensitive to 
the distance between the emitters and the metal surface. In this study, the distance 
between UC and Au was sufficiently large that the electric field from Au SPR had no 
influence on UC. 
 
 
Figure 5.14  Simulated electric field distribution of the nanocomposite along Y axis. 
 
5.5.4 The effect of Au concentration on extinction spectra of UC/shell/Au-silica 
In last section’s experimental results, through investigating the different Au 
amount decorated UC/shell/Au-silica nanocomposites, it has been confirmed that the 
decrease of total UC emission intensity was attributed to the decrease of NIR light 
penetrating through the decorated Au to reach the UC nanoparticles and part of the 
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upconverted green emission of the UC nanoparticles was absorbed by the decorated 
Au nanoparticles in SPR. 
In this section, the effects of the decorated Au on the UC emission were 
further investigated by simulation. The extinction spectra of UC/shell/Au-silica 
nanocomposites with different Au coverage were simulated in Figure 5.15. These 
spectra show the same trend as our experimental data (Figure 5.8) in which the 
intensity of the absorption peak at 530 nm increased with increasing Au coverage. It 
confirms that part of the green emission of UC nanoparticles decreased with 
increasing Au coverage was due to the Au SPR coupling. 
 






















Figure 5.15  Extinction spectra of UC/shell/Au-silica nanocomposites with different 
Au coverage by simulation. 
 
To study the change of NIR excitation when penetrating through the decorated 
Au and reaching the UC nanoparticles, a detection probe was located in the center of 
the UC/shell/Au-silica nanocomposite by simulation to monitor the intensity of the 
NIR excitation (Figure 5.16a). The plane wave with wavelength of 980 nm was set as 
input source. Then the intensity of 980 nm wave can be detected by the probe. Figure 
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5.16b shows the relationship of normalized intensity of 980 nm wave recorded by the 
probe and the Au coverage on nanocomposite. It indicated that the intensity of 980 
nm wave at the probe decreased with increasing Au coverage. This result confirmed 
the excitation intensity of UC nanoparticles decreased since less NIR light penetrated 
through the decorated Au to reach the UC nanoparticles. 
 
 
Figure 5.16  (a) A schematic diagram of UC/shell/Au-silica nanocomposites with a 
detection probe in the center. (b) The relationship between Au coverage and the 
excitation intensity at the probe by simulation. 
 
5.6 Summary 
Au decorated silica shell were coated on UC/shell nanoparticles using a simple 
reverse micro-emulsion method. UC/shell/Au-silica nanocomposites were ∼ 70-80 nm. 
Au nanoparticles (∼6 nm) were uniformly deposited on the surface of silica shell. The 
total emission intensity of UC/shell/silica nanoparticles decreased by 52% with Au 
decorations. The green emission of UC/shell/Au-silica nanoparticles decreased by 
58%, which was more than the level of decrease in red and blue emissions (46% and 
43%, respectively). The decrease in total emission intensity was due to the scattering 
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effect of Au nanoparticles and absorption of part of the upconverted green emission of 
the UC nanoparticles by the decorated Au nanoparticles through light (green)-SPR 
coupling. The simulation results confirmed this interpretation. 
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Chapter 6 Bio-application 
In this chapter, UC nanoparticles with different surface modifications were 
demonstrated for bio-applications. The emission intensity and stability of silica coated 
UC/shell and Au decorated silica coated UC/shell nanoparticles were studied in two 
bio media (phosphate buffered saline (PBS) or Dulbecco's modified eagle medium 
(DMEM)). These nanoparticles for cancer cell imaging would be demonstrated. The 
effectiveness of UC/shell/Au-silica nanocomposites in photothermal destruction of 
cancer cell was shown.  
6.1 Experimental method 
For bio application, two media (i.e. PBS and DMEM) were commonly used in 
bio studies for cells washing and cells culture due to close properties with human 
physiological environment. The components of two media are listed in Table 6.1. 
DMEM contained more inorganic salts and organic components than PBS. The pH 
value of both PBS and DMEM are 7.4 which is almost the same as deionized water.  
 
Table 6.1  The composition of PBS and DMEM. 
PBS DMEM 
Component Concentration (wt %) Component 
Concentration 
(wt %) 
NaCl 0.8 % Inorganic salts 2.01 % 
KCl 0.02 % Amino acids 1 % 
Na2HPO4 0.144 % Vitamins 1 % 
KH2PO4 0.024 % Other 1 % 
Water 99.012 % Water 94.99 % 
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A variety of surface modified silica coated UC/shell nanoparticles (∼ 0.1 mg 
UC) were centrifuged and redispersed in 5 mL deionized water, PBS and DMEM for 
later use. Table 6.2 lists the samples which will be used in this chapter for comparison. 
 
Table 6.2  The list of UC samples compared in this chapter. 
Sample Structure Chapter (Page) 
UC/shell/silica NaYF4:Yb,Er / NaYF4 / silica 4.2 (61) 
UC/shell/silica-amino NaYF4:Yb,Er / NaYF4 / amino functionalized silica 4.3 (66) 
UC/shell/silica-PEG NaYF4:Yb,Er / NaYF4 / PEGylated (1 mg) silica 4.4 (69) 
UC/shell/Au-silica NaYF4:Yb,Er / NaYF4 / Au (1 µmol) decorated silica 5.2 (82) 
 
Human neuroblastoma SK-N-BE(2)-C (catalog #CRL-2268; American Type 
Culture Collection) cells were grown in DMEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS; Hyclone, Logan, UT) at 37 °C in a 5% CO2 
humidified atmosphere. Before each experiment, 10,000 BE(2)-C cells were seeded in 
a 48-well plate (Greiner Bio-One, Germany) and incubated overnight at 37 °C in a 
humidified atmosphere with 5% CO2. 
For cell imaging, the cell medium was replaced with 0.1 mL of the DMEM 
medium containing various surface modified UC nanoparticles (20 µg/mL UC) and 
incubated for 30 min. After incubation, the nanoparticle containing medium was 
removed by aspiration and the cells were washed once with PBS and imaged by a 
Zeiss inverted Axovert 25 equipped with 980 nm laser (0.8 W).  
For photothermal therapy, the cell medium was replaced with 0.1 mL of the 
DMEM medium containing various surface modified UC nanoparticles (20 µg/mL 
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UC) and incubated for 15 min before being subjected to 20 min of NIR irradiation at 
980 nm using a laser (20 W/cm2). After exposure, the nanoparticle containing medium 
was removed and the cells were incubated in PBS containing 15 µg/ml fluorescein 
diacetate (FDA) and 16 µg/ml propidium iodide (PI) for 5 min in the dark. The cells 
were then washed once with PBS and imaged by a Zeiss inverted Axovert 25 
microscope equipped with fluorescence detection (Oberkochen, Germany). Cell 
viability was quantified by counting the number of viable (FDA stained) and dead (PI 
stained) cells in the laser irradiated region. All experiments were repeated thrice and 
the statistical significance between control and test samples was calculated using the 
paired Student’s t test. 
6.2 Behavior of nanoparticles in bio media 
6.2.1 Bio media 
Before studying the behaviors of nanoparticles in PBS and DMEM, the 
physical properties of these two media were first investigated. Deionized water was 
also studied as reference. Since PBS and DMEM contained high concentration of ions, 
the conductivity of PBS and DMEM measured by DLS were much higher than 
deionized water (σPBS = 16.5, σDMEM = 17.4 and σwater ≈ 0 mS/cm). The dielectric 
constants of these three media were obtained by measuring the capacitance of a 
capacitor with different media between its plates. A Solartron 1287 Analytical was 
used for cyclic voltammetry experiment to measure the capacitance. The ratio of the 
dielectric constants is εwater: εPBS: εDMEM = 1: 1.32: 1.37 (εwater = 80 at 20 oC).147 The 
result showed that PBS and DMEM had higher dielectric constants compared with 
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water. Overall, the high ion concentration in PBS and DMEM resulted in high 
dielectric constant and conductivity. 
The optical properties of PBS and DMEM were studied by UV-vis absorption, 
FTIR and Raman in Figure 6.1. UV-vis absorption spectra of PBS, DMEM and water 
in Figure 6.1 showed that three media had the same absorption spectra at both NIR 
region ~980 nm and visible region. The absorption peak of DMEM around 250 nm 
was due to the organic component in the solution. This result suggested that these 
three media should have the same absorption properties for UC nanoparticles in 
visible and NIR range. 
 
 




To investigate the vibrational energy of these media, FTIR and Raman 
spectroscopy were carried out for asymmetric and symmetric bond vibrational energy, 
respectively. FTIR (Figure 6.1) shows that only the bond from water can be detected 
and that there is no difference among the three media. On the other hand, Raman 
spectra (Figure 6.1) showed that PBS and water had the same vibration modes with 
water molecules vibration (~3370 cm-1). DMEM showed broad vibration modes 
spanning throughout obtained range in addition to vibration mode of water and PBS at 
3370 cm-1. This indicated that DMEM contained more vibration mode than PBS and 
water, and thus higher possibility for UC quenching. The combined results from 
Raman and FTIR spectra suggested that water and PBS had the same vibrational 
modes, while DMEM possessed additional vibration modes. Therefore, UC 
nanoparticles should have the same emission intensity in water and PBS, but may be 
quenched by DMEM without effective protection. 
6.2.2 Emission intensity of nanoparticles  
From the last section, it was shown that PBS and DMEM are different from 
water on composition, dielectric constant and optical properties. Therefore it is 
necessary to study the behaviour of UC nanoparticles in PBS and DMEM. Emission 
intensity in bio media is one of the most important properties for UC nanoparticles.  
To investigate the emission quenching effect of UC nanoparticles induced by 
bio media, emission intensities of different surface modified UC nanoparticles in three 
media (water, PBS and DMEM) were measured under the same measurement 
conditions (Figure 6.2). Here, UC/shell/silica and UC/shell/Au-silica were selected. 
Note that it was shown in the previous chapter that UC/silica nanoparticles had the 
same emission intensity before and after amino and PEG modification. Thus these 
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amino and PEG modified nanoparticles are not shown here. Figure 6.2 shows that 
both of the samples presented the same emission intensity in the three media. This 
indicates that the bio media with different inorganic salts and organic proteins did not 

























Figure 6.2  Normalized total emission intensity of UC/shell/silica and UC/shell/Au-
silica in three media. 
 
There are two ways that may cause the quenching effect of UC nanoparticles 
in bio media: excitation (NIR photon) and emission (visible photon) absorption by bio 
media and emission quenching due to high energy vibration mode of molecules in bio 
media. As was discussed in the last section, the absorption of the three media in the 
regions of both NIR and visible were the same. The vibration modes of the three 
media from FTIR were also the same. However, DMEM showed a broad vibration 
mode from Raman which was different from PBS and water that could potentially 
induce a quenching effect. The emission results in Figure 6.2 indicated that the 
emission intensities of these nanoparticles were independent of bio media. This 
suggested that the UC process in the nanoparticles was sufficiently protected from 
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media-induced emission quenching effect. The protection was mainly attributed to 
undoped NaYF4 shell and the amorphous silica shell.  
6.2.3 Stability of nanoparticles 
Hydrodynamic diameter and stability of UC nanoparticles in bio media are the 
other important parameters for bio application. In this study, hydrodynamic diameter 
and stability of various surface modified UC nanoparticles in bio media were studied 
using DLS. These UC nanoparticles can be categorized into two groups for DLS test 
based on different dispersion mechanisms. One group included amino modified 
UC/shell/silica and UC/shell/Au-silica which were dispersed by surface charge 
repulsion mechanism. The other group was PEGylated UC/shell/silica which was 
dispersed by steric repulsion mechanism. UC/shell/silica was the control sample for 
both groups. The data were collected for 30 min after dispersion in three media (water, 
PBS and DMEM) in 2 min steps under the same concentration (20 µg/mL UC). 
The hydrodynamic diameters of the first group of samples (UC/shell/silica, 
UC/shell/silica-amino and UC/shell/Au-silica) in water, PBS and DMEM are shown 
in Figure 6.3. All nanoparticles were stable in water within 30 min and the 
hydrodynamic diameters of these nanoparticles were between 150 nm and 250 nm. 
The hydrodynamic diameter of UC/shell/Au-silica was the largest which is consistent 
with the TEM results. In PBS and DMEM, these nanoparticles aggregated almost 
instantly upon dispersion with large hydrodynamic diameter (~1 µm). It was shown in 
previous section that PBS and DMEM contained high concentrations of ions which 
could induce the aggregation since the dispersion of these nanoparticles depends on 
the surface charge repulsion mechanism. 
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Figure 6.3  Hydrodynamic diameters of UC/shell/silica, UC/shell/silica-amino and 
UC/shell/Au-silica nanoparticles in the three media: water, PBS and DMEM. 
 
To verify the aggregation effect of UC nanoparticles in PBS and DMEM, Zeta 
potential of UC/shell/silica, UC/shell/silica-amino and UC/shell/Au-silica were 
measured in gradient from water to PBS and DMEM. In Figure 6.4, all nanoparticles 
lost surface charge quickly as PBS or DMEM concentrations increased up to 40%. 
Therefore, high degrees of aggregation in these media was expected. The decrease of 
the absolute value of Zeta potential at high concentration of PBS or DMEM was due 
to the surface charge neutralisation of the nanoparticles by high concentration of ions 
in bio media. This result indicates that the surface charge repulsion could not assist 
the dispersion of UC nanoparticles in PBS and DMEM. 
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Figure 6.4  Zeta potential of UC/shell/silica, UC/shell/silica-amino and UC/shell/Au-
silica nanoparticles in gradient from water to PBS (pH = 7.4) and DMEM (pH = 7.4). 
 
To solve the aggregation issue, the steric repulsion mechanism was employed 
on UC nanoparticles. In the previous section (section 4.4), PEGylated UC/silica 
nanoparticles (PEG Mw ∼ 5k) was successfully synthesized. In this section, PEG with 
three different molecular weights (∼ 1k, 5k and 10k) was selected. The effect of PEG 
molecular weight on the dispersion of UC/shell/silica nanoparticles was studied.  
Figure 6.5 presents the hydrodynamic diameters of PEGylated nanoparticles 
(1k, 5k and 10k PEG) in water, PBS and DMEM. The results show that all samples 
were stable in water. The hydrodynamic diameters of samples were between 150 nm 
and 250 nm. UC/shell/silica without PEG showed the smallest hydrodynamic 
diameter and with the increase of PEG molecular weight from 1k to 10k, the 
hydrodynamic diameters of the samples increased, since the longer chain length of 
PEG molecular induced thicker PEG-water layer and therefore a larger hydrodynamic 
diameter. In PBS and DMEM, the nanoparticles showed very different dispersion 
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behaviours compared in water. The 1k PEG modified nanoparticles showed serious 
aggregation (2-8 µm) in both PBS and DMEM. The 5k PEG sample had similar 
diameter (∼ 1 µm) as the control sample (UC/shell/silica) and 10k PEG sample 
presented a hydrodynamic diameter of ∼ 500 nm.  









































Figure 6.5  Hydrodynamic diameters of PEGylated UC/shell/silica nanoparticles in 
three media: water, PBS and DMEM. The Y axis for the water spectrum ha a linear 
scale, for the DMEM and PBS it has a logarithmic scale. 
  
Based on the previous studies (section 4.4), the coverage of PEG (5k) on the 
surface of UC/shell/silica-PEG was ∼ 80% which indicated that the PEG molecular 
was coated as mushroom conformation on the silica surface instead of brush 
conformation which can only happen when fully covered by PEG.148, 149 Normally the 
brush form supplied more steric repulsion for nanoparticles. In this case 1k PEG with 
mushroom conformation did not assist the steric repulsion, instead it worsened the 
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aggregation due to the very short molecular chain. For 5k PEG sample, PEG 
molecular on the silica surface performed better compared to 1k PEG. For 10k PEG 
sample, PEG molecular could improve the dispersion of nanoparticles in PBS and 
DMEM from 1 µm to 500 nm. It was however still larger than the size of 
nanoparticles dispersed in water (< 250 nm).  
Overall, surface charge repulsion mechanism included amino modified 
UC/shell/silica and UC/shell/Au-silica could not improve the dispersion properties of 
UC/shell/silica nanoparticles in PBS and DMEM due to the high concentration of 
charge ions in the media. The other mechanism, steric repulsion i.e. PEGylated 
UC/shell/silica, could slightly improve the dispersion properties of UC/shell/silica 
nanoparticles in bio-media only when the molecular weight of PEG was large enough, 
for example 10k of PEG. However, the size of 10k PEG modified nanoparticle in PBS 
and DMEM was still larger than that in water. 
6.3 Cell imaging 
To explore the potential application of silica coated UC nanoparticles in bio-
imaging, UC/shell/silica and UC/shell/Au-silica were incubated in physiological 
conditions with cells for 30 min. The unbound particles in the medium were then 
removed and the cells were imaged in bright field and under NIR excitation using a 
microscope equipped with a 0.8 W 980 nm NIR laser (Figure 6.6). 
The control cells in Figure 6.6, incubated without UC nanoparticles, showed 
no background signal (no autofluorescence) as expected from the use of NIR 
excitation as well as two UC nanoparticles incubated cell samples. Green fluorescence 
only from the UC/shell/silica and UC/shell/Au-silica incubated cells was observed 
with high signal-to-background ratio.  
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Figure 6.6  Bright-field (left) and fluorescent (right) images of cells using 
UC/shell/silica and UC/shell/Au-silica.  
 
6.4 Photothermal therapy 
Neuroblastoma is the most common childhood extracranial solid tumor, which 
accounts for one in every eight pediatric cancers. Current treatments involve 
chemotherapy, surgery, and radiation. It is known that even with this aggressive 
treatment, less than 40% of children are likely to achieve long-term remission and the 
search for novel treatment continues.150 To demonstrate the use of localized heat 
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produced by NIR excited UC/shell/Au-silica nanocomposites in photothermal therapy, 
in vitro study of human neuroblastoma (SK-N-BE(2)-C cells) was conducted. 
6.4.1 Photothermal measurement 
The thermal change of UC/shell/Au-silica solution under NIR excitation was 
first measured using a thermocouple to demonstrate the temperature change of the 
media. The temperature changes of 1 mL UC/shell/Au-silica nanoparticles (20 µg/mL 
UC) in DMEM after 1 min irradiation by 1 W, 980 nm laser are shown in Table 1. 
The temperatures of pure DMEM, UC/shell/silica and Au-silica nanoparticles in 
DMEM were also measured as references. The net temperature increase of 
UC/shell/Au-silica was 8 °C, which was 4 °C more than that of Au-silica control 
sample. This confirmed the SPR absorption of upconverted green light in 
UC/shell/Au-silica. Note that localized heating around these nanoparticles should be 
higher than the observed average increased temperature in solution. 
 
Table 6.3  The temperature change of 1 mL UC/shell/Au-silica (20 µg/mL UC) in 
DMEM after 1 min shining by 1 W 980 nm laser. At the same condition, temperature 
of pure DMEM, UC/shell/silica and Au-silica nanoparticles in DMEM served as the 
control. The net temp change was the temperature difference between different 











UC/shell/Au-silica 19 28 9 8 
Au-silica 19 24 5 4 
UC/shell/silica 19 20 1 0 
Pure DMEM 19 20 1 N.A. 
 
It is difficult to measure the localized temperature around the UC/shell/Au-
silica directly. In this study, the temperature change around UC/shell/Au-silica was 
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simulated by CST studio suite 2011 simulation software. The condition setting of this 
simulation was the same as the previous optical simulation of UC/shell/Au-silica 
(section 5.5). In addition, thermal conductivity and heat capacity of Au are 314 
W/K/m and 0.125 kJ/K/kg. The thermal conductivity and heat capacity of silica are 
1.38 W/K/m and 0.74 kJ/K/kg. The background is water with thermal conductivity of 
0.6 W/K/m and heat capacity of 4.1813 kJ/K/kg. The length of the surrounding space 
is 400 nm × 400 nm × 400 nm and the boundary condition is open for thermal 
simulation. The initial temperature of the nanocomposite and the water was 19 °C and 
the excitation source was 0.1 W 560 nm light. The simulated result is shown in Figure 
6.7. The temperature distribution of the nanocomposite in water with different 
excitation times (1 ms, 1 s and 5 s) showed that the Au nanoparticles were heated up 
at the very beginning. Then the temperature of the entire nanocomposite increased 
after 1 s. After 5 s, the temperature of the nanocomposite became very high as 
reflected by the color change. The temperature of water in the proximity of the 
surface of nanocomposite was very high. This was due to heat generation by the Au 
SPR excited by green emitted light in the UC process. The temperature of water 
should decrease with increasing distance from the surface of nanocomposite, within 
the time frame of instantaneous heating of Au SPR (i.e. thermal equilibrium of the 
whole system was not yet reached). 
The temperature profile of nanocomposite after 5 s excitation is shown in 
Figure 6.8. At the surface of the nanocomposite, the temperature reached 85 °C and 
the temperature of the water at the simulation boundary decreased to 25 °C. This 
simulation result proved that localized heating around the nanocomposite had higher 
temperature than the surrounding water in solution.  
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Figure 6.8  Temperature profile of UC/shell/Au-silica in water. 
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The previous experiment result showed that the temperature of the 
nanocomposites solution increased from 19 to 28 °C after NIR excitation. This 
temperature increase is not enough to kill cancer cell. Normally a threshold 
temperature in the range of 70-80 °C is required to effectively destroy cancer cells.95 
From our simulation results the localized heating temperature of the nanocomposite 
reached at 85 °C even when the solution temperature was only 25 °C. This simulation 
result indicated these nanocomposites have promising potential to generate enough 
localized heating to kill cancer cell. 
6.4.2 Photothermal destruction of neuroblastoma cells in vitro 
BE(2)-C cells were incubated with UC/shell/Au-silica nanocomposites (20 
µg/mL UC) for 15 min and irradiated with a 980 nm laser (20 W/cm2) for 20 min. 
Cell death was quantitatively measured by a viable/dead cell fluorescence assay, 
immediately after NIR laser irradiation. Since Au-silica nanoparticles alone generated 
significant amount of heat by NIR excitation, control experiments were performed 
with equal amount of Au-silica nanoparticles (Figure 6.9a, third column). Additional 
control experiments were performed using UC/shell/silica nanoparticles (Figure 6.9a, 
second column). Without laser irradiation, none of the three nanoparticles led to 
significant cell death, as indicated by the strong green florescence (FDA) and absence 
of PI stained nucleus (Figure 6.9a, top two rows). Upon laser irradiation, 
UC/shell/Au-silica resulted in efficient destruction of BE(2)-C cells (67.5% dead cells) 
in the illuminated area (Figure 6.9b). In comparison, Au-silica only led to a small but 
statistically significant drop in cell viability (9.4% dead cells). UC/shell/silica 
nanoparticles (Figure 6.9a, second column) or laser irradiation in the absence of 




Figure 6.9  Photothermal destruction of human neuroblastoma BE(2)-C cells. (a) 
BE(2)-C cells were incubated with equal amount of UC/shell/silica, Au-silica or 
UC/shell/Au-silica nanoparticles for 15 min before subjected to 20 min of NIR laser 
excitation (20 W/cm2). Immediately after excitation, BE(2)-C cells were stained by 
FDA / PI to distinguish viable (green) and dead (red nucleus) cells. (b) Number of 
viable and dead cells was counted and cell viability was calculated by dividing 
number of viable cells by total number of cells. All experiments were performed with 
biological triplicates. 
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The data confirmed the enhanced focal hyperthermia and drastically increased 
efficiency of cancer cell destruction using the UC/shell/Au-silica, providing strong 
evidence for the potential application of these nanoparticles in simultaneous cancer 
imaging and NIR photothermal therapy. 
It has been suggested that tissue injury following thermal ablation of solid 
tumor could occur in two distinct phases.151 The initial phase of direct injury occurs to 
cells located immediately next to the heat source. Prolonged exposure to focal 
hyperthermia results in immediate and necrotic cell death, often marked by altered 
membrane fluidity and permeability. This is similar to our observation that BE(2)-C 
cells exposed to NIR irradiated UC/shell/Au-silica nanocomposites became permeable 
to PI, which was excluded from viable cells with an intact membrane. A secondary 
phase or indirect injury occurs after the cessation of direct heat stimulus. The resulting 
tissue damage becomes evident after 1 to 7 days.152 Nikfarjam et al. suggested that 
this delayed effect could represent a progressive expansion of injury as the result of 
cellular mechanisms triggered by the initial heat stimulus, such as apoptosis.151 I thus 
hypothesized that brief exposure to focal hypothermia could result in delayed cell 
death. To test this hypothesis, we subjected BE(2)-C cells to short NIR irradiation (2 
and 5 min) in the presence of UC/shell/Au-silica. Cell viability was quantified both 
immediately and 24 h after the short exposure. Neither 2 nor 5 min exposure to NIR 
irradiation resulted in significant cell death immediately after the irradiation, 
suggesting the brief focal hyperthermia was insufficient to alter cell membrane 
permeability and induce necrotic cell death (Figure 6.10a, top two rows). Interestingly, 






Figure 6.10  Immediated vs triggered cell death of BE(2)-C. (a) BE(2)-C cells 
incubated with UC/shell/Au-silica subjected to either 2 or 5 min of NIR (20 W/cm2) 
laser. Cell viability was measured both immediately after excitation and after 24h. 
Negligible cells death was observed immediately after excitation (2 & 5 min). (b) 
Quantification of cell viability both immediate and 24h after laser exposure. 
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It is likely that the short exposure has triggered a yet to be characterized cell 
death pathway distinct from direct thermal destruction after prolonged incubation, 
resulting in delayed cell death via apoptosis or even necroptosis. The mechanism of 
such induced cell death is still unknown. 
6.4.3 Time effect of photothermal destruction of cancer cell 
To further study the irradiation time effect, the UC/shell/Au-silica 
nanocomposites incubated with cancer cells were irradiated at different times (1, 5, 10 
and 20 min) for photothermal therapy. The temperature change of UC/shell/Au-silica 
in DMEM solution under NIR excitation was first measured with increasing laser 
exposure time in Figure 6.11. The results showed that the solution with 
nanocomposites was efficiently heated up to ∼ 30 oC after 5 min. After 10 min the 























Figure 6.11  Temperature change of UC/shell/Au-silica in DMEM solution in 
dependence on NIR radiation time.  
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Cancer cells destruction efficacy of UC/shell/Au-silica with different exposure 
time (no irradiation, 5, 10 and 20 min) was investigated in Figure 6.12. Compared 
with control sample (cells without nanocomposites incubated), the cell viability of 
UC/shell/Au-silica incubated cells was strongly dependent on laser exposure time. 
The cell viability had no significant change in less than 10 min. While, at 20 min, the 























Figure 6.12  Photothermal destruction of cancer cells with different NIR radiation 
time. 
 
From the thermal measurements in Figure 6.11, the temperature of the solution 
had reached equilibrium after 10 min NIR laser exposure. However, the cell viability 
of the 10 min exposure and 20 min exposure samples showed significant difference. 
This suggested that in addition to a required threshold temperature in the range of 70-
80 °C to effectively destroy cancer cells,95 the duration in which cells were exposed to 
the effective temperature also played a critical role in cell destruction. 
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6.5 Summary 
The behavior of different surface modified UC/shell/silica nanoparticles in bio 
media (PBS and DMEM) was investigated. The emission intensity of UC/shell/silica 
and UC/shell/Au-silica did not change after dispersed in bio media containing high 
concentration ions and high phonon energy molecular. For the dispersion properties of 
these nanoparticles in bio media, surface charge repulsion mechanism including 
UC/shell/silica-amino and UC/shell/Au-silica cannot improve the dispersion of 
UC/shell/silica nanoparticles in PBS and DMEM due to the high concentration of 
charge ions in media that neutralized the surface charge of nanoparticles. On the other 
hand, steric repulsion i.e. UC/shell/silica-PEG (10k), could slightly improve the 
dispersion property of UC/shell/silica nanoparticles in bio media.  
UC/shell/silica and UC/shell/Au-silica were demonstrated for cell imaging. 
Furthermore, from both experiment and simulation results, UC/shell/Au-silica can 
generate strong localized heating. The UC/shell/Au-silica were very efficient to 
destroy cancer cells and showed strong potential in photothermal therapy. The 




Chapter 7 Conclusions and recommendations 
7.1 Conclusions 
Near infrared-to-visible upconversion nanoparticles have been reported as a 
potential bio-probe for various bio applications. In this thesis, undoped NaYF4 shell 
and silica coated UC nanoparticles with smallest size were synthesized for bio-
imaging. We first combined Au nanoparticles and silica coated UC nanoparticles to 
form a nanocomposite and demonstrated that this nanocomposite had strong 
photothermal effect and cancer cell destruction efficiency. My study showed that this 
nanocomposite can be a new possible way for simultaneous imaging and efficient 
photothermal cancer therapy. The detailed summary of this thesis is described below. 
NaYF4:Yb,Er nanoparticles with diameter of 11 nm were synthesized by 
thermal decomposition method. To facilitate the bio-imaging application, an undoped 
NaYF4 shell was coated on the NaYF4:Yb,Er UC nanoparticles by the same method. 
The NaYF4:Yb,Er / NaYF4 (core/shell) structure showed that an undoped NaYF4 shell 
significantly enhanced the emission intensity by 15 times, and the critical shell 
thickness was 3 nm, beyond which no further emission intensity enhancement was 
observed. 
To transform hydrophobic UC nanoparticles to hydrophilic for bio application, 
amorphous silica shell was deposited by using a reverse micro-emulsion method on 
UC nanoparticles. Amorphous silica shell (∼8 nm) was a good barrier to prevent the 
interaction between environment and UC nanoparticles, but it could not further 
enhance the emission intensity of UC nanoparticles. Silica coated UC nanoparticles 
showed that the emission was not affected by the amorphous silica shell. The surface 
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of these silica coated UC nanoparticles was further successfully modified by an amino 
group using APTS and PEGylation by mPEG-silane. 
Gold nanoparticles were further decorated on the surface of silica coated 
UC/shell nanoparticles using the same reverse micro-emulsion method. The diameter 
of these UC/shell/Au-silica nanocomposites was 70-80 nm. Gold nanoparticles (6 nm) 
were uniformly deposited on the surface of silica shell. To study the fluorescent 
properties of UC/shell/Au-silica nanocomposites, different concentrations of gold 
were decorated on the surface of UC/shell/silica nanoparticles. The nanocomposites 
demonstrated a strong inverse dependence of UC emission on Au concentration. 
Among red, green and blue color emissions from nanocomposites, green emission 
decreased more due to the coupling with surface plasmon resonance of Au 
nanoparticles to generate strong localised heating effect which can be used for 
destroying cancer cells. 
For bio-application, the behavior of different surface modified UC/shell/silica 
nanoparticles in bio media (PBS and DMEM) was investigated. UC/shell/silica-amino 
and UC/shell/Au-silica cannot improve the dispersion of UC/shell/silica nanoparticles 
in PBS and DMEM due to the high concentration of charge ions in media neutralizing 
the surface charge of nanoparticles. PEG (10k) attachment can slightly improve the 
dispersion property of UC/shell/silica nanoparticles in bio media. From cancer cell 
test, UC/shell/Au-silica nanocomposites demonstrated strong photothermal effect and 
cancer cells destruction efficiency. Up to 67.5 % of cancer cells incubated with 
nanocomposite were destroyed after 20 min irradiation with 20 W/cm2 980 nm 
continuous wave laser. The nanocomposites demonstrated potential for simultaneous 
imaging and efficient photothermal cancer therapy. 
126 
7.2 Recommendations for future work 
This project showed that an undoped NaYF4 shell significantly enhanced the 
emission intensity of NaYF4:Yb,Er nanoparticles by 15 times, thus making it suitable 
for imaging purposes. However, even with shell protection, the emission intensity of 
UC nanoparticles was still only 10% of its bulk counterpart. It was not bright enough 
for easy detection. Further study on enhancement of the emission intensity of UC 
nanoparticles may be investigated by studying the distribution of Yb and Er ions in 
NaYF4 host and by choosing different and more efficient host. 
Furthermore, this project showed that the UC/shell/Au-silica nanocomposites 
could be well dispersed in water. However, they aggregated heavily when dispersed in 
bio media, such as PBS and DMEM. In this thesis, investigations of possible reasons 
behind this aggregation were carried out. The aggregation was attributed to the charge 
ions in PBS and DMEM which were used for cell growth. Further research on this 
issue should be carried out to prevent aggregation of nanocomposites in these bio 
media. 
Finally, this study demonstrated that UC/shell/Au-silica nanocomposites were 
very efficient to destroy cancer cells and showed strong potential for simultaneous 
cell imaging and photothermal therapy. Further study on distribution of 
nanocomposites in cell and cancer cell destruction mechanism should be investigated. 
Research on specific cell targeting of nanocomposites is another important aspect that 
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A. Calculation of reaction yield of NaYF4:Yb,Er nanoparticles 
In NaYF4:20%Yb,2%Er precursor, the concentrations of Y, Yb and Er are as 
follows. 
Y                   0.2 M ×11.7 mL /12 mL = 0.195 M 
Yb                 0.2 M ×3 mL /12 mL = 0.05 M 
Er                  0.2 M ×0.3 mL /12 mL = 0.005 M 
In each reaction, 0.5 mL precursor was used. Assuming it is a complete 
reaction, the weight of the final product should be as follows. 
Mole weight of final NaYF4:20%Yb,2%Er product: 
0.195 M × 0.5 mL + 0.05 M × 0.5 mL + 0.005 M × 0.5 mL = 0.125 mmol 
Weight of final NaYF4:20%Yb,2%Er product: 
0.125 mmol × 206.3 g/mol = 25.8 mg 




B. Calculation of the average distance between two nearest Er ions in 
NaYF4:xEr nanoparticles 




Figure B  Structure of hcp NaYF4 crystal. 
 
Volume =c × a × a sin 60° = 3.53 × 5.96 × 5.96 × sin 60° = 108.6 Å3 
Each unit cell contains 1.5 Y atoms. So the volume per Y atom occupied is 
equal to 108.6 / 1.5 = 72.4 Å3.  
From the doping concentration of Er, the volume of each Er ion occupied and 
also the average distance between two nearest Er ions can be calculated. For instance, 
the average distance of Er ions in NaYF4:2%Er was calculated as follows. 
The volume per Er atom occupied: 72.4 / 0.02 = 3620Å3. 




C. Calculation of the thickness of the Er and Yb co-doped interface of Er/Yb 
(core/shell) nanoparticles 
For Er/Yb (core/shell) nanoparticles, R is the radius of the Er doped core and 
W is the thickness of the interface of core/shell nanoparticles (Figure C). 
 
 
Figure C  Schematic illustration of Er/Yb (core/shell) nanoparticle before and after Yb 
diffusion. 
 
The volume of Er doped core before and after Yb diffusion are ¾πR3 and 
¾π(R-W)3, respectively. So the volume of Er and Yb co-doped interface can be 
represented as ¾πR3 - ¾π(R-W)3. 
For UC/shell nanoparticles, the volume of the UC core is ¾πR3. 
Based on the emission result, the thickness of the interface W can be 
calculated as follows. 





Taking R = 11 nm (from section 3.2.1) into above equation,  




After Yb diffusion  Before Yb diffusion  
Yb 
Er R 
